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INTRODUCTION: 

Breast  cancer  has  the  highest  incidence  and  second  highest  mortality  in  women  in  the  United  States. 
Advances  in  early  detection  and  treatment  modalities  have  increased  the  5  year  survival  rate  for  women 
battling  with  breast  cancer.  However,  the  10  year  survival  rate  has  not  increased  significantly.  The  most 
common  metastasis  observed  in  breast  cancer  patients  is  bone  metastasis.  Bone  metastasis  can  remain 
latent  for  a  long  time,  being  virtually  undetectable  for  years.  Upon  activation,  which  involves  mechanisms  not 
yet  elucidated,  metastasized  breast  cancer  cells  can  begin  to  proliferate  and  differentiate  into  various  cancer 
cell  lineages  in  the  bone  marrow  becoming  clinical  bone  metastasis.  The  majority  of  disseminated  cancer  cells 
are  unable  to  evade  the  immune  system  or  undergo  apoptosis.  Metastasized  breast  cancer  cells  in  the  bone 
marrow  have  already  been  successful  in  evading  the  immune  system  and  extravasated  from  the  blood  into  the 
bone  marrow.  Once  in  the  foreign  environment  of  bone  marrow,  disseminated  breast  cancer  cells  require 
interactions  with  a  supportive  niche  that  promotes  their  survival  and  maintains  their  stem  cell  phenotype.  I 
hypothesize  that  resident  mesenchymal  stem  cells  in  the  bone  marrow  provide  a  supportive  niche  for 
breast  cancer  cells  that  have  metastasized  to  bone  marrow.  The  success  of  this  type  of  study  lies  in 
applying  models  that  most  closely  represent  the  actual  physiological  environment  of  breast  cancer  cells  in 
bone.  We  developed  a  model  of  early  disseminated  breast  cancer  in  bone  from  fresh  patient  biopsies.  This 
study  evaluated  tumorigenicity,  metastatic  spread,  and  the  morphological  and  molecular  phenotype  of 
disseminated  tumor  cells  from  these  tumors. 

BODY: 

Satement  of  Work.  To  fully  characterize  the  phenotype  of  breast  tumor  initiating  cells  in  culture,  at  the  primary 
site  of  tumor  formation  and  in  the  bone  microenvironment.  (Months  1-36) 

a.  Perform  immunocytochemistry  on  cytospins  of  tumorspheres  and  flow  cytometry  analysis  using  antibodies  to 
CD44,  CD24,  ESA,  MUC-1  (CD227),  CD10,  alpha-smooth  muscle  actin,  cytokeratin  18,cytokeratin  14, 
estrogen  receptor  and  HER2/neu. 

b.  Perform  differentiation  experiments  using  breast  tumor  initiating  cells 

c.  Characterize  the  phenotype  of  breast  tumor  initiating  cells  in  the  primary  tumor  and  in  bone  using  the  same 
antibodies  listed  above. 

The  following  published  manuscripts  addressed  each  aspect  of  the  statement  of  work  above. 

Publication  1.  “Disseminated  breast  cancer  cells  acquire  a  highly  malignant  and  aggressive  metastatic 
phenotype  during  metastatic  latency  in  the  bone”.  Carolyn  G.  Marsden,  Mary  Jo  Wright,  Latonya  Carrier, 
Krzysztof  Moroz,  and  Brian  G.  Rowan  (2012).  PLoS  One.  2012;7(1 1):e47587.  PMID:231 73031 

Abstract 

BACKGROUND:  Disseminated  tumor  cells  (DTCs)  in  the  bone  marrow  may  exist  in  a  dormant  state  for 
extended  periods  of  time,  maintaining  the  ability  to  proliferate  upon  activation,  engraft  at  new  sites,  and  form 
detectable  metastases.  However,  understanding  of  the  behavior  and  biology  of  dormant  breast  cancer  cells  in 
the  bone  marrow  niche  remains  limited,  as  well  as  their  potential  involvement  in  tumor  recurrence  and 
metastasis.  Therefore,  the  purpose  of  this  study  was  to  investigate  the  tumorigenicity  and  metastatic  potential 
of  dormant  disseminated  breast  cancer  cells  (prior  to  activation)  in  the  bone  marrow. 
METHODOLOGY/PRINCIPAL  FINDINGS:  Total  bone  marrow,  isolated  from  mice  previously  injected  with 
tumorspheres  into  the  mammary  fat  pad,  was  injected  into  the  mammary  fat  pad  of  NUDE  mice.  As  a  negative 
control,  bone  marrow  isolated  from  non-injected  mice  was  injected  into  the  mammary  fat  pad  of  NUDE  mice. 
The  resultant  tumors  were  analyzed  by  immunohistochemistry  for  expression  of  epithelial  and  mesenchymal 
markers.  Mouse  lungs,  livers,  and  kidneys  were  analyzed  by  H+E  staining  to  detect  metastases.  The  injection 
of  bone  marrow  isolated  from  mice  previously  injected  with  tumorspheres  into  the  mammary  fat  pad,  resulted  in 
large  tumor  formation  in  the  mammary  fat  pad  2  months  post-injection.  However,  the  injection  of  bone  marrow 
isolated  from  non-injected  mice  did  not  result  in  tumor  formation  in  the  mammary  fat  pad.  The  DTC-derived 
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tumors  exhibited  accelerated  development  of  metastatic  lesions  within  the  lung,  liver  and  kidney.  The  resultant 
tumors  and  the  majority  of  metastatic  lesions  within  the  lung  and  liver  exhibited  a  mesenchymal-like 
phenotype. 

CONCLUSIONS/SIGNIFICANCE:  Dormant  DTCs  within  the  bone  marrow  are  highly  malignant  upon  injection 
into  the  mammary  fat  pad,  with  the  accelerated  development  of  metastatic  lesions  within  the  lung,  liver  and 
kidney.  These  results  suggest  the  acquisition  of  a  more  aggressive  phenotype  of  DTCs  during  metastatic 
latency  within  the  bone  marrow  microenvironment. 

Publication  2.  "A  novel  in  vivo  model  for  the  study  of  human  breast  cancer  metastasis  using  primary  breast 
tumor-initiating  cells  from  patient  biopsies".  Marsden  CG,  Wright  MJ,  Carrier  L,  Moroz  K,  Pochampally  R, 
Rowan  BG.  BMC  Cancer.  2012  Jan  10;12:10.  PMID:  22233382 

Abstract 

BACKGROUND:  The  study  of  breast  cancer  metastasis  depends  on  the  use  of  established  breast  cancer  cell 
lines  that  do  not  accurately  represent  the  heterogeneity  and  complexity  of  human  breast  tumors.  A  tumor 
model  was  developed  using  primary  breast  tumor-initiating  cells  isolated  from  patient  core  biopsies  that  would 
more  accurately  reflect  human  breast  cancer  metastasis. 

METHODS:  Tumorspheres  were  isolated  under  serum-free  culture  conditions  from  core  biopsies  collected 
from  five  patients  with  clinical  diagnosis  of  invasive  ductal  carcinoma  (IDC).  Isolated  tumorspheres  were 
transplanted  into  the  mammary  fat  pad  of  NUDE  mice  to  establish  tumorigenicity  in  vivo.  Tumors  and 
metastatic  lesions  were  analyzed  by  hematoxylin  and  eosin  (H+E)  staining  and  immunohistochemistry  (IHC). 
RESULTS:  Tumorspheres  were  successfully  isolated  from  all  patient  core  biopsies,  independent  of  the 
estrogen  receptor  a  (ERa)/progesterone  receptor  (PR)/Her2/neu  status  or  tumor  grade.  Each  tumorsphere  was 
estimated  to  contain  50-100  cells.  Transplantation  of  50  tumorspheres  (1-5  *  103  cells)  in  combination  with 
Matrigel  into  the  mammary  fat  pad  of  NUDE  mice  resulted  in  small,  palpable  tumors  that  were  sustained  up  to 
12  months  post-injection.  Tumors  were  serially  transplanted  three  times  by  re-isolation  of  tumorspheres  from 
the  tumors  and  injection  into  the  mammary  fat  pad  of  NUDE  mice.  At  3  months  post-injection,  micrometastases 
to  the  lung,  liver,  kidneys,  brain  and  femur  were  detected  by  measuring  content  of  human  chromosome  17. 
Visible  macrometastases  were  detected  in  the  lung,  liver  and  kidneys  by  6  months  post-injection.  Primary 
tumors  variably  expressed  cytokeratins,  Her2/neu,  cytoplasmic  E-cadherin,  nuclear  p  catenin  and  fibronectin 
but  were  negative  for  ERa  and  vimentin.  In  lung  and  liver  metastases,  variable  redistribution  of  E-cadherin  and 
P  catenin  to  the  membrane  of  tumor  cells  was  observed.  ERa  was  re-expressed  in  lung  metastatic  cells  in  two 
of  five  samples. 

CONCLUSIONS:  Tumorspheres  isolated  under  defined  culture  conditions  from  patient  core  biopsies  were 
tumorigenic  when  transplanted  into  the  mammary  fat  pad  of  NUDE  mice,  and  metastasized  to  multiple  mouse 
organs.  Micrometastases  in  mouse  organs  demonstrated  a  dormancy  period  prior  to  outgrowth  of 
macrometastases.  The  development  of  macrometastases  with  organ-specific  phenotypic  distinctions  provides 
a  superior  model  for  the  investigation  of  organ-specific  effects  on  metastatic  cancer  cell  survival  and  growth. 

Publication  3.  Breast  tumor-initiating  cells  isolated  from  patient  core  biopsies  for  study  of  hormone  action. 
Marsden  CG,  Wright  MJ,  Pochampally  R,  Rowan  BG.  Methods  Mol  Biol.  2009;590:363-75.  doi:  10.1007/978-1- 
60327-378-7_23.  PMID:19763516 

Abstract: 

In  recent  years,  evidence  has  emerged  supporting  the  hypothesis  that  cancer  is  a  stem  cell  disease.  The 
cancer  stem  cell  field  was  led  by  the  discovery  of  leukemia  stem  cells  (Tan,  B.T.,  Park,  C.Y.,  Ailles,  L.E.,  and 
Weissman,  I.L.  (2006)  The  cancer  stem  cell  hypothesis:  a  work  in  progress.  Laboratory  Investigation.  86,  1203- 
1207),  and  within  the  past  few  years  cancer  stem  cells  have  been  isolated  from  a  number  of  solid  tumor 
including  those  of  breast  and  brain  cancer  among  others  (Al-Hajj  M.,  Wicha  M.S.,  Benito-Hernandez  A., 
Morrison,  S.J.,  and  Clarke,  M.F.  (2003)  Prospective  identification  of  tumorigenic  breast  cancer  cells.  Proc.  Natl. 
Acad.  Sci.  USA  100,  3983-3988;  Singh,  S.K.,  Clarke,  I.D.,  Terasaki,  M.,  Bonn,  V.E.,  Hawkins,  C.,  Squire,  J., 
and  Dirks,  P.B.  (2003)  Identification  of  a  Cancer  Stem  Cell  in  Human  Brain  Tumors.  Cancer  Research.  63, 
5821-5828).  Cancer  stem  cells  exhibit  far  different  properties  than  established  cells  lines  such  as  relative 
quiescence,  multidrug  resistance,  and  multipotency  (Clarke,  M.F.,  Dick,  J.E.,  Dirks,  P.B.,  Eaves,  C.J., 
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Jamieson,  C.H.M.,  Jones,  D.L.,  Visvader,  J.,  Weissman,  I.L.,  and  Wahl,  G.M.  (2006)  Cancer  Stem  Cells- 
Perspectives  on  Current  Status  and  Future  Directions:  AACR  Workshop  on  Cancer  Stem  Cells.  Cancer 
Research.  66,  9339-9344).  In  addition,  our  laboratory  has  demonstrated  that  breast  cancer  stem  cells  exhibit  a 
strong  metastatic  phenotype  when  passaged  in  mice.  Since  stem  cells  exhibit  these  somewhat  unique 
properties,  it  will  be  important  for  endocrinologists  to  evaluate  hormonal  action  in  these  precursor  cells  for  a 
more  thorough  understanding  of  cancer  biology  and  development  of  more  effective  treatment  modalities.  A 
relatively  easy  and  low  cost  method  was  developed  to  isolate  breast  cancer  stem  cells  from  primary  needle 
biopsies  taken  from  patients  diagnosed  with  primary  invasive  ductal  carcinoma  during  the  routine  care  of 
patients  with  consent  and  IRB  approval.  Fresh  needle  biopsies  (2-3  biopsies  at  2  cm  in  length)  were 
enzymatically  dissociated  in  a  collagenase  (300  U/ml)/hyaluronidase  (100  U/ml)  solution  followed  by  sequential 
filtration.  Single  cell  suspensions  were  cultured  on  ultra  low  attachment  plastic  flasks  in  defined  medium  and 
formed  non-adherent  tumorspheres.  The  tumorspheres  exhibited  surface  marker  expression  of 
CD44(+)/CD24(low/-)/ESA(+),  previously  defined  as  a  "breast  cancer  stem  cell"  phenotype  by  Al  Hajj  et  al.  (Al- 
Hajj  M.,  Wicha  M.S.,  Benito-Hernandez  A.,  Morrison,  S.J.,  and  Clarke,  M.F.  (2003)  Prospective  identification  of 
tumorigenic  breast  cancer  cells. 


KEY  RESEARCH  ACCOMPLISHMENTS: 

•  Tumorspheres  were  successfully  isolated  from  all  patient  core  biopsies.  Transplantation  of  50 
tumorspheres  into  the  mammary  fat  pad  of  NUDE  mice  resulted  in  small,  palpable  tumors  that  were 
sustained  up  to  12  months  post-injection. 

•  Primary  tumors  variably  expressed  cytokeratins,  Her2/neu,  cytoplasmic  E-cadherin,  nuclear  (3  catenin  and 
fibronectin  but  were  negative  for  ERa  and  vimentin. 

•  At  3  months  post-injection,  micrometastases  to  the  lung,  liver,  kidneys,  brain  and  femur  were  detected 

•  Micrometastases  in  mouse  organs  demonstrated  a  dormancy  period  prior  to  outgrowth  of 
macrometastases. 

•  The  injection  of  bone  marrow  isolated  from  mice  previously  injected  with  tumorspheres  into  the  mammary 
fat  pad,  resulted  in  large  tumor  formation  in  the  mammary  fat  pad  2  months  post-injection. 

•  The  DTC-derived  tumors  exhibited  accelerated  development  of  metastatic  lesions  within  the  lung,  liver  and 
kidney. 

•  The  resultant  tumors  and  the  majority  of  metastatic  lesions  within  the  lung  and  liver  exhibited  a 
mesenchymal-like  phenotype. 

•  The  development  of  macrometastases  with  organ-specific  phenotypic  distinctions  provides  a  superior 
model  for  the  investigation  of  organ-specific  effects  on  metastatic  cancer  cell  survival  and  growth. 

REPORTABLE  OUTCOMES: 

1.  Manuscripts,  abstracts,  presentations; 

Manuscripts: 

Publication  1.  “Disseminated  breast  cancer  cells  acquire  a  highly  malignant  and  aggressive  metastatic 
phenotype  during  metastatic  latency  in  the  bone”.  Carolyn  G.  Marsden,  Mary  Jo  Wright,  Latonya  Carrier, 
Krzysztof  Moroz,  and  Brian  G.  Rowan  (2012).  PLoS  One.  2012;7(1 1):e47587.  PMID:231 73031 
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Publication  2.  "A  novel  in  vivo  model  for  the  study  of  human  breast  cancer  metastasis  using  primary 
breast  tumor-initiating  cells  from  patient  biopsies".  Marsden  CG,  Wright  MJ,  Carrier  L,  Moroz  K, 
Pochampally  R,  Rowan  BG.  BMC  Cancer.  2012  Jan  1 0;1 2: 1 0.  PMID:  22233382 

Publication  3.  Breast  tumor-initiating  cells  isolated  from  patient  core  biopsies  for  study  of  hormone  action. 
Marsden  CG,  Wright  MJ,  Pochampally  R,  Rowan  BG.  Methods  Mol  Biol.  2009;590:363-75.  doi: 

1 0.1 007/978-1  -60327-378-7_23.  PMID:  1 9763516 

Abstracts: 
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CONCLUSION: 

Tumorspheres  isolated  from  patient  core  biopsies  were  tumorigenic  when  transplanted  into  the  mammary  fat 
pad  of  NUDE  mice,  and  metastasized  to  multiple  mouse  organs.  Micrometastases  in  mouse  organs 
demonstrated  a  dormancy  period  prior  to  outgrowth  of  macrometastases.  Dormant  tumor  cells  within  the  bone 
marrow  were  highly  malignant  upon  injection  into  the  mammary  fat  pad,  with  the  accelerated  development  of 
metastatic  lesions  within  the  lung,  liver  and  kidney.  These  results  indicate  the  acquisition  of  a  more  aggressive 
phenotype  of  DTCs  during  metastatic  latency  within  the  bone  marrow  microenvironment.  In  addition  this  study 
has  developed  a  superior  model  for  the  investigation  of  organ-specific  effects  on  metastatic  cancer  cell  survival 
and  growth. 
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"A  novel  in  vivo  model  for  the  study  of  human 
breast  cancer  metastasis  using  primary  breast 
tumor-initiating  cells  from  patient  biopsies" 

Carolyn  G  Marsden1,  Mary  Jo  Wright2,  Latonya  Carrier3,  Krzysztof  Moroz4,  Radhika  Pochampally5  and 
Brian  G  Rowan6" 


Abstract 

Background:  The  study  of  breast  cancer  metastasis  depends  on  the  use  of  established  breast  cancer  cell  lines  that 
do  not  accurately  represent  the  heterogeneity  and  complexity  of  human  breast  tumors.  A  tumor  model  was 
developed  using  primary  breast  tumor-initiating  cells  isolated  from  patient  core  biopsies  that  would  more 
accurately  reflect  human  breast  cancer  metastasis. 

Methods:  Tumorspheres  were  isolated  under  serum-free  culture  conditions  from  core  biopsies  collected  from  five 
patients  with  clinical  diagnosis  of  invasive  ductal  carcinoma  (IDC).  Isolated  tumorspheres  were  transplanted  into  the 
mammary  fat  pad  of  NUDE  mice  to  establish  tumorigenicity  in  vivo.  Tumors  and  metastatic  lesions  were  analyzed 
by  hematoxylin  and  eosin  (H+E)  staining  and  immunohistochemistry  (IHC). 

Results:  Tumorspheres  were  successfully  isolated  from  all  patient  core  biopsies,  independent  of  the  estrogen 
receptor  a  (ERa)/progesterone  receptor  (PR)/Eler2/neu  status  or  tumor  grade.  Each  tumorsphere  was  estimated  to 
contain  50-100  cells.  Transplantation  of  50  tumorspheres  (1-5  x  103  cells)  in  combination  with  Matrigel  into  the 
mammary  fat  pad  of  NUDE  mice  resulted  in  small,  palpable  tumors  that  were  sustained  up  to  12  months  post¬ 
injection.  Tumors  were  serially  transplanted  three  times  by  re-isolation  of  tumorspheres  from  the  tumors  and 
injection  into  the  mammary  fat  pad  of  NUDE  mice.  At  3  months  post-injection,  micrometastases  to  the  lung,  liver, 
kidneys,  brain  and  femur  were  detected  by  measuring  content  of  human  chromosome  17.  Visible  macrometastases 
were  detected  in  the  lung,  liver  and  kidneys  by  6  months  post-injection.  Primary  tumors  variably  expressed 
cytokeratins,  Eler2/neu,  cytoplasmic  E-cadherin,  nuclear  p  catenin  and  fibronectin  but  were  negative  for  ERa  and 
vimentin.  In  lung  and  liver  metastases,  variable  redistribution  of  E-cadherin  and  p  catenin  to  the  membrane  of 
tumor  cells  was  observed.  ERa  was  re-expressed  in  lung  metastatic  cells  in  two  of  five  samples. 

Conclusions:  Tumorspheres  isolated  under  defined  culture  conditions  from  patient  core  biopsies  were  tumorigenic 
when  transplanted  into  the  mammary  fat  pad  of  NUDE  mice,  and  metastasized  to  multiple  mouse  organs. 
Micrometastases  in  mouse  organs  demonstrated  a  dormancy  period  prior  to  outgrowth  of  macrometastases.  The 
development  of  macrometastases  with  organ-specific  phenotypic  distinctions  provides  a  superior  model  for  the 
investigation  of  organ-specific  effects  on  metastatic  cancer  cell  survival  and  growth. 

Keywords:  Primary  breast  tumor-initiating  cells,  Metastasis,  Dormancy,  EMT 
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Background 

Breast  cancer  is  a  heterogeneous  disease  that  remains 
the  second  leading  cause  of  death  among  women.  Meta¬ 
static  disease  increases  mortality  from  breast  cancer  by 
70%  and  is  the  leading  cause  of  death  in  breast  cancer 
patients  independent  of  the  manageability  of  the  pri¬ 
mary  disease.  Although  generally  correlated  with  later 
stages  in  disease  progression,  there  is  mounting  evidence 
suggesting  the  metastatic  process  may  initiate  earlier  in 
breast  cancer  development.  Therefore,  tumor  volume  at 
diagnosis  may  not  accurately  predict  the  presence  of 
metastatic  disease  or  the  initiation  of  the  metastatic  pro¬ 
cess.  Metastatic  disease  can  remain  dormant  and  unde¬ 
tectable  for  months  to  years,  resulting  in  recurrence  at 
the  primary  site  and/or  the  development  of  metastatic 
lesions  at  distant  sites  [1,2].  Efficacious  treatments  for 
metastatic  disease  depends  on  development  of  preclini- 
cal  tumor  models  that  better  predict  patient  response, 
increase  understanding  of  the  metastatic  process,  and 
enable  the  identification  of  biomarkers  for  earlier  and 
more  accurate  detection  of  metastasis. 

The  study  of  breast  cancer  has  depended  heavily  upon 
the  use  of  established  breast  cancer  cell  lines,  whose  origin 
is  often  from  pleural  effusions  or  metastatic  lesions. 
Although  significant  advancements  have  been  made  possi¬ 
ble  through  the  use  of  established  cell  lines,  further  pro¬ 
gress  depends  on  the  development  of  tumor  models  that 
more  accurately  represent  the  heterogeneous  nature  of 
human  breast  tumors.  Hetero-transplantation  of  primary 
tumor  biopsies  from  patients  into  immune-deficient  mice 
has  many  advantages  over  standard  xenografts  from  can¬ 
cer  cell  lines.  The  hetero-transplant  tumors  can  be  directly 
compared  to  the  original  patient  tumor  biopsies,  and  to 
annotated  information  on  patient  features,  family  history, 
patient  outcome  etc.  A  study  of  breast  cancer  hetero¬ 
transplants  revealed  that  patients  whose  breast  cancer 
biopsies  grew  as  tumors  in  mice  predicted  a  worse  prog¬ 
nosis  compared  to  biopsies  that  did  not  grow  tumors  [3]. 
Unfortunately,  only  a  very  small  percentage  of  human 
breast  tumor  tissue  directly  transplanted  into  immune- 
deficient  mice  results  in  tumor  formation  [3-5].  The  iden¬ 
tification  of  breast  cancer  stem  cells  (bCSCs)  in  breast 
tumors  shifted  the  previously  held  hypothesis  that  all  cells 
within  a  tumor  retained  the  ability  to  recapitulate  the 
tumor  [6].  BCSCs,  present  in  tumors  at  very  low  frequency 
[7],  have  been  implicated  in  breast  tumor  progression  [8], 
metastasis  [9]  and  recurrence  [10].  The  relative  quiescence 
of  bCSCs  [11]  and  the  elevated  expression  of  ABC  trans¬ 
porter  family  of  proteins  [12]  may  contribute  to  bCSCs 
evasion  of  traditional  chemotherapy  and  radiotherapy. 
Furthermore,  recent  data  has  shown  that  chemotherapeu- 
tics  [13,14]  and  radiation  [15]  may  enrich  for  bCSCs,  pos¬ 
sibly  increasing  risk  of  recurrence. 


A  subset  of  cells  isolated  from  primary  breast  tumors 
are  termed  breast  tumor-initiating  cells  (bTICs)  for  the 
ability  to  form  tumors  upon  injection  of  low  numbers 
into  the  mammary  fat  pad  of  immune-deficient  mice 
[7].  BTICs  consist  of  a  heterogeneous  population  of 
cells  that  include  a  small  percentage  of  bCSCs  as  well  as 
a  range  of  less  to  more  differentiated  progenitor  cells. 
BTICs  have  been  shown  to  exist  in  vitro  as  tumor- 
spheres  upon  selection  under  non-adherent,  serum-free 
conditions  [16].  Recently,  it  has  been  suggested  that 
bTICs  are  the  cells  within  tumors  with  metastatic 
potential  and  the  ability  to  “seed”  in  distant  organs  [17]. 
Therefore,  the  challenges  in  targeting  bTICs  likely 
extend  from  the  primary  site  of  tumor  formation  to  dis¬ 
tant  metastatic  sites  as  well.  Given  the  evidence  that 
supports  bTICs  as  the  cells  with  metastatic  potential 
and  the  source  of  breast  cancer  recurrence,  tumor  mod¬ 
els  that  employ  bTICs  isolated  directly  from  patient 
biopsies  may  provide  a  more  reliable  means  for  study  of 
the  metastatic  process  and  tumor  recurrence. 

Disseminated  breast  cancer  cells  may  be  present  at 
distant  sites  at  the  time  of  primary  diagnosis  of  breast 
cancer  in  patients  that  exhibit  no  outward  signs  of  clini¬ 
cal  metastasis  [18,19].  Although  current  models  of 
breast  cancer  metastasis  have  provided  great  insight  into 
some  of  the  contributing  molecular  mechanisms,  these 
models  have  failed  to  recapitulate  the  dormancy  period 
observed  clinically.  Exit  from  the  dormant  state  is  neces¬ 
sary  for  the  development  of  macro-metastatic  lesions  in 
distant  organs,  yet  the  mechanisms  involved  are  poorly 
understood  [17,20,21].  The  purpose  of  this  study  was  to 
develop  a  novel  and  reproducible  breast  cancer  model 
using  bTICs  isolated  as  tumorspheres  from  patient  biop¬ 
sies  for  the  investigation  of  the  metastatic  process. 

Methods 

Isolation  of  tumorspheres 

Tumorspheres  were  isolated  using  a  procedure  pre¬ 
viously  described  by  this  laboratory  [22]  and  derived 
from  Dontu  et  al.  [23].  Briefly,  breast  cancer  needle 
biopsies  from  primary  patient  tumors  were  obtained 
during  the  routine  care  of  patients  with  consent  and 
Tulane  IRB  approved  protocol  (IRB  #  07-00042).  Biop¬ 
sies  were  performed  using  a  14  gauge  spring-loaded  gun 
yielding  about  15-20  mg  of  tissue  in  each  core  sample. 
3-5  core  biopsy  samples  (2  cm  in  length)  were  obtained 
from  each  consenting  patient.  Tissue  samples  were 
placed  on  ice  in  lx  Hanks  buffered  saline  solution 
(HBSS)  until  processing.  Tissues  were  mechanically  dis¬ 
sociated  using  sterile  scalpels  into  ~2  mm2  pieces  fol¬ 
lowed  by  enzymatic  dissociation  in  collagenase  (300  U / 
ml)  and  hyaluronidase  (100  U/ml)  (Stem  Cell  Technolo¬ 
gies)  diluted  in  complete  DMEM/F12  media  (see  below) 
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for  3-5  h  at  37  deg  with  agitation  every  20-25  min.  The 
resultant  cell  suspension  was  sequentially  filtered 
through  a  100  pm  and  40  pm  pore  filter  (Fisher)  and 
centrifuged  at  300  x  g  for  10  min.  The  cell  pellet  was 
resuspended  in  complete  DMEM/F12  media  (see  below) 
and  cultured  in  a  100  mm2  ultra  low  attachment  plate 
(Corning). 

Cell  culture 

Cells  isolated  from  tissue  samples  were  incubated  in 
DMEM/F12  media  containing  lx  B-27  serum-free  sup¬ 
plement  (Invitrogen),  0.4%  bovine  serum  albumin  (BSA) 
(Sigma),  20  ng/ml  epidermal  growth  factor  (EGF) 
(Sigma),  10  ng/ml  basic  fibroblast  growth  factor  (bFGF) 
(Sigma),  4  ug/ml  insulin,  human  recombinant  (Sigma), 
and  Penicillin  (100  U/ml)/Streptomycin  (100  U/ml). 
Cells  were  cultured  for  10-14  days  to  allow  tumorsphere 
formation.  Cells  were  pelleted  every  3  days  by  centrifu¬ 
gation  at  300  x  g  for  10  min.  and  resuspended  in  com¬ 
plete  DMEM/F12  media  supplemented  with  fresh  EGF 
and  bFGF. 

Animal  experiments 

Immunodeficient  Nu/Nu  female  mice  were  purchased 
from  Charles  River  Laboratories  (US).  Mice  were  25-35 
days  of  age  at  time  of  tumorsphere  injection.  All  experi¬ 
ments  were  performed  under  approved  Tulane  IACUC 
protocol  (IACUC  #  2941  R-D).  Tumorspheres  were 
washed  twice  with  cold  lx  PBS  then  resuspended  to 
yield  1000-5000  cells/100  pi  in  cold  lx  PBS.  Immedi¬ 
ately  before  injection,  cells  were  combined  with  100  pi 
BD  Matrigel  Basement  Membrane  matrix  (BD  Bios¬ 
ciences).  Mice  were  anesthetized  by  i.p.  injection  of  0.3 
ml  of  a  ketamine  solution.  Cell  suspensions  were 
injected  bilaterally  into  the  third  mammary  fat  pad. 
Mice  were  monitored  weekly  for  tumor  formation  by 
caliper  measurement,  and  for  body  weight  for  up  to  12 
months.  If  no  weight  loss  or  other  indications  of  declin¬ 
ing  health  was  observed,  animals  were  euthanized  12 
months  post  injection  to  permit  detection  of  metastases, 
and  to  harvest  fresh  tumor  for  serial  transplantation. 

DNA  isolation  and  PCR  analysis  of  tumors  and  mouse 
tissues 

For  DNA  analysis,  tissues  were  collected  using  auto¬ 
claved  dissection  tools  and  placed  immediately  into  ster¬ 
ile  polypropylene  15  ml  conical  tubes  at  a  ratio  of  5  ml 
RNAlater  (Qiagen)  per  200  mg  of  tissue.  Tissues  were 
either  processed  immediately  or  stored  at  -20  deg.  Tis¬ 
sues  were  homogenized  using  an  electric  homogenizer 
(TH-01,  Omni  TH,  tissue  homogenizer)  at  25,000  rpm 
for  2  min.  with  autoclaved  Omni  homogenizer  tips  (8 
mm  diameter,  110  mm  length,  processing  range  of  0.25- 
30  ml)  (Omni  International).  Cell  lysis  and  all 


subsequent  steps  for  the  isolation  of  DNA  and  RNA 
from  the  homogenized  tissues  were  carried  out  as 
described  in  the  instruction  manual  for  the  Allprep 
DNA/RNA  isolation  kit  (Qiagen).  Briefly,  homogenized 
tissues  were  loaded  onto  a  spin  column  that  bound 
DNA  and  eluted  the  fraction  containing  RNA  following 
centrifugation  at  room  temperature.  The  eluent  was 
combined  with  70%  ethanol  and  added  to  a  2nd  spin 
column.  Following  several  washes,  RNA  was  eluted  and 
quantified.  DNA  was  also  eluted  from  the  1st  spin  col¬ 
umn  and  quantified.  Human  cells  were  detected  in 
mouse  tissues  using  PCR  for  detection  of  an  alpha-satel¬ 
lite  DNA  sequence  of  the  centromere  region  of  human 
chromosome  17  as  previously  described  by  Becker  et  al 
[24]. 

Hematoxylin  and  eosin  staining 

Tissues  were  collected  and  placed  in  10%  neutral  buf¬ 
fered  formalin  (Fisher)  equal  to  20  times  the  tissue 
volume.  Tissues  were  incubated  overnight  at  room  tem¬ 
perature  and  then  processed  by  standard  formalin  fixa¬ 
tion,  paraffin  embedding  and  sectioning  by  The  Center 
for  Gene  Therapy  Histology  Core  Facility,  Tulane  Uni¬ 
versity.  5  pm  sections  were  deparaffinized  and  rehy¬ 
drated  in  a  graded  series  of  ethanol  solutions,  from 
100%  to  75%.  Sections  were  then  stained  using  GilFs 
Hematoxylin  and  Eosin  (Poly  Scientific)  followed  by 
dehydration  through  a  graded  series  of  ethanol  solutions 
from  75%  to  100%.  Image  J  software  was  used  to  quan¬ 
tify  the  metastatic  burden  within  the  tissues  analyzed. 
To  calculate  the  metastatic  burden  present  in  the  mouse 
organs,  the  number  of  pixels  within  the  defined  area  of 
the  metastatic  lesion/s  was  determined  (x  pixels).  Next, 
the  total  number  of  pixels  within  the  field  of  view  was 
determined  (y  pixels).  The  metastatic  burden  within  the 
field  of  view  was  then  calculated  by  dividing  the  pixels 
present  in  the  metastatic  lesion/s,  by  the  total  pixels 
comprising  the  field  of  view  then  multiplying  by  100  [(x 
pixels/y  pixels)*  100]  resulting  in  a  percent  metastatic 
burden.  The  average  of  5  fields  of  view  (lOOx  magnifica¬ 
tion)  was  used  to  determine  metastatic  burden  present 
in  each  organ  analyzed. 

TUNEL  (TdT-mediated  dUTP  nick  end  labeling) 

For  TUNEL,  5  pm  sections  were  rehydrated  (as 
described  above)  followed  by  heat-induced,  epitope 
retrieval  performed  in  a  pressure  cooker  for  45  min  in 
pH  6.0  Citrate  buffer  (Biocare  Medical).  Sections  were 
allowed  to  cool  for  20  min  at  room  temperature.  Sec¬ 
tions  were  immersed  for  30  min  at  room  temperature  in 
blocking  solution  in  0.1  M  Tris-HCl  (pH  7.5)  containing 
3%  BSA  and  20%  fetal  bovine  serum  (FBS).  Sections 
were  rinsed  twice  with  PBS  at  room  temperature.  Posi¬ 
tive  control  sections  were  incubated  with  0.5  mg/ml 
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DNase  I  diluted  in  a  buffer  containing  10  mM  Tris-HCl 
(pH  7.5),  1  mM  MgCl2  and  1  mg/ml  BSA  at  room  tem¬ 
perature  for  10  min.  The  sections  were  incubated  in  the 
TUNEL  reaction  mixture  (as  supplied  by  In  Situ  Cell 
Death  Detection  kit,  Roche)  for  60  min  at  37°C  in  a 
humidified  chamber.  Sections  were  washed  three  times 
for  5  min  in  PBS,  and  then  incubated  for  10  min  at 
room  temperature  in  0.3%  H202  diluted  in  methanol. 
To  block  nonspecific  binding  of  the  anti-fluorescein 
antibody,  the  sections  were  incubated  in  blocking  solu¬ 
tion  (as  described  above)  for  30  min  at  room  tempera¬ 
ture  then  rinsed  in  PBS.  Sections  were  incubated  in 
Converter-POD  (as  supplied  by  In  Situ  Cell  Death 
Detection  kit,  Roche),  diluted  in  blocking  solution  (as 
described  above),  for  30  min  at  37°C  in  a  humidified 
chamber.  Sections  were  rinsed  three  times  for  5  min 
each  in  PBS.  The  signal  was  developed  using  the  Vector 
DAB  substrate  kit,  according  to  the  manufacturers' 
instructions.  Sections  were  dehydrated  (as  described 
above)  and  mounted  using  Permount  (Fisher). 

Immunohistochemistry  of  tumors  and  mouse  tissue 

For  immunohistochemistry  (IHC),  tissues  were  collected 
and  placed  in  10%  neutral  buffered  formalin  equal  to  20 
times  the  tissue  volume  (Fisher).  Tissues  were  incubated 
overnight  at  room  temperature  and  then  processed  by 
standard  formalin  fixation,  paraffin  embedding  and  sec¬ 
tioning  by  The  Center  for  Gene  Therapy  Histology  Core 
Facility,  Tulane  University.  Immunohistochemistry  was 
performed  as  per  the  Vectastain  staining  kit  (anti-rabbit, 
PK6101;  anti-mouse  PK6102,  Vector  Laboratories). 
Briefly,  5  pm  sections  were  rehydrated  (as  described 
above)  followed  by  heat-induced,  epitope  retrieval  per¬ 
formed  in  a  pressure  cooker  for  25  min.  in  Tris  Buffer, 
pH  9  (Biocare  Medical)  or  45  min  in  pH  6.0  Citrate  buf¬ 
fer  (Biocare  Medical).  To  inactivate  the  endogenous  per¬ 
oxide,  slides  were  incubated  in  0.3%  hydrogen  peroxide 
followed  by  a  10  min  wash  in  dH20  then  washed  3x3 
min.  each  in  PBS.  Sections  were  incubated  in  blocking 
buffer  (10%  normal  goat  serum  diluted  in  PBS)  for  30 
min.  at  room  temp  and  subsequently  incubated  with  pri¬ 
mary  antibody  diluted  in  blocking  buffer  overnight  at  4 
deg.  Primary  monoclonal  antibodies  used  were  rabbit 
anti-human  I<i-67  (SP6,  Thermo  Scientific),  rabbit  anti¬ 
human  E-cadherin  (24E10,  Cell  Signaling),  rabbit  anti¬ 
human  Vimentin  (SP20,  Vector  Laboratories),  rabbit 
anti-human  Estrogen  receptor  (SP1,  Thermo  Scientific), 
and  anti-human  HNA  (MAB1281,  Chemicon).  Primary 
polyclonal  antibodies  used  were  rabbit  anti-human  (3- 
catenin  (9563,  Cell  Signaling),  rabbit  anti-human  fibro- 
nectin  (ab2413,  Abeam),  and  rabbit  anti-human  (human 
specific)  cytokeratin  8  (ab52949,  Abeam).  The  following 
day,  sections  were  washed  2x5  min.  in  PBS-T.  Biotiny¬ 
lated  secondary  antibody  was  added  to  the  sections  for 


an  incubation  period  of  30  min,  followed  by  2  x  5  min. 
washes  in  PBS-T.  Streptavidin/biotin  HRP-conjugate 
was  added  to  the  sections  for  an  incubation  period  of  30 
min.  at  room  temperature  followed  by  2  x  5  min. 
washes  in  PBS-T.  The  signal  was  developed  using  the 
Vector  DAB  substrate  kit,  according  to  the  manufac¬ 
turers'  instructions.  Sections  were  dehydrated  (as 
described  above)  and  mounted  using  Permount  (Fisher). 
Staining  was  visualized  using  a  bright  field  microscope 
and  IP  lab  software.  For  quantitation,  five  randomly 
selected  bright  field  microscope  images  (magnification 
200x)  per  sample  were  obtained  as  described  above. 
The  total  cell  number  in  each  image  was  calculated  by 
counting  hematoxylin-positive  cells  using  Image  J  parti¬ 
cle  count  command,  and  DAB-positive  cells  were  also 
counted  the  same  way  after  performing  color  deconvo¬ 
lution  command  and  expressed  as  %  positive  cells. 

Histological  scoring 

Her  2  expression  within  the  tumors  was  measured  by 
IHC  and  assessed  using  the  histoscore  method  devel¬ 
oped  by  Allred  et  al  [25].  Briefly,  a  proportion  score 
and  an  intensity  score  were  determined  for  each  tumor 
sample.  The  proportion  score  represented  the  percen¬ 
tage  of  positively  stained  cells  (0  =  none;  1  =  <  5%;  2  = 
5-25%;  3  =  26-50%  4  =  51-75%  5  =  >  75%)  [26].  The 
intensity  score  represented  the  staining  intensity  in  posi¬ 
tively  stained  cells  (0  =  none;  1  =  +  weak;  2  =  ++  inter¬ 
mediate;  3  =  +  +  +  strong).  The  overall  expression  of 
Her2  in  each  tumor  sample  was  reported  as  a  histo¬ 
score,  calculated  by  the  sum  of  the  proportion  score  (0- 
5)  and  the  intensity  score  (0-3)  for  a  range  between  0 
and  8,  with  a  maximum  possible  score  of  8  [25]. 

Results 

Isolation  of  tumorspheres  from  human  breast  core 
biopsies 

The  purpose  of  this  study  was  to  establish  a  reproduci¬ 
ble  method  for  the  isolation  of  primary  tumorspheres 
from  patient  core  biopsies  and  characterization  of  subse¬ 
quent  tumor  formation  upon  transplantation  into  nude 
mice.  The  establishment  of  a  hetero-transplantation 
model,  as  described  in  this  report,  provides  an  improved 
and  translatable  murine  model  for  the  study  of  human 
breast  cancer  metastasis.  Patient  core  biopsies  were 
obtained  using  a  14-gauge  spring-loaded  gun,  yielding 
15-20  mg  of  tissue  per  biopsy.  Tumorspheres  were 
derived  from  patient  core  biopsies  under  serum-free, 
non-adherent  culture  conditions  as  described  in  Materi¬ 
als  and  Methods.  The  ER/PR/Her2  status  differed  in  the 
patient  samples  (Table  1).  The  majority  of  patient  sam¬ 
ples  were  Grade  2  or  higher  and  diagnosed  as  invasive 
ductal  carcinoma  (IDC)  (Table  1).  Tumorspheres  were 
successfully  isolated  from  all  patient  samples  and  ranged 
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Table  1  Formation  of  primary  tumor  and  metastasis  in  NUDE  mice  implanted  with  tumorspheres  isolated  from  human 


breast  core  biopsies. 


Sample 

Formation 
in  mice 

Latency  to  palpable 
tumor  formation 

Passage  in 
Mice 

Metastasis 

Metastatic 

Latency 

Age 

Diagnosis 

Grade 

ER/PR/Her2 

Status 

4 

0/2 

N/A 

N/A 

Not 

Determined 

N/A 

56 

years 

IDC 

Grade 

2 

ER7PR 

+/Her2“ 

5 

5/6 

74  days 

Yes 

Yes 

254  days 

44 

years 

IDC 

Grade 

3 

ER7PR 

+/Her2“ 

6 

6/6 

47  days 

Yes 

Yes 

232  days 

62 

years 

IDC  with 
lymphovascular 
invasion 

Grade 

2 

ER7PR 

+/Her2+ 

7 

5/6 

72  days 

Yes 

Yes 

214  days 

77 

years 

IDC 

Grade 

2 

ERVPRVHerZ 

8 

4/6 

35  days 

Yes 

Yes 

248  days 

63 

years 

IDC 

Grade 

2 

ER7PR 

+/Her2“ 

9 

6/6 

46  days 

Yes 

Yes 

279  days 

66 

years 

IDC 

Grade 

1 

ER7PR 

+/Her2 

Tumor  formation  in  NUDE  mice  following  bilateral  injections  into  the  mammary  fat  pad  of  tumorspheres  that  were  derived  from  the  original  patient  biopsy.  The 
latency  or  palpable  tumor  formation  is  indicated  in  number  of  days  post-injection  of  tumorspheres  into  the  mammary  fat  pad.  'Passage  in  mice'  indicates  that 
the  primary  tumor  could  be  serially  transplanted  into  mice  to  form  subsequent  primary  tumors  following  in  vitro  formation  of  tumorspheres  prior  to  injection 
into  the  mammary  fat  pad.  Metastasis  was  determined  by  detection  of  human  chromosome  17  by  PCR  using  DNA  isolated  from  mouse  organs  collected  from 
mice  injected  with  tumorspheres  into  the  mammary  fat  pad.  Metastatic  latency  is  the  average  number  of  days  between  the  injection  of  tumorspheres  into  the 
mammary  fat  pad  and  the  detection  of  metastatic  lesions  in  all  organs  analyzed  by  H+E  staining 


in  size  from  30  pm  to  100  pm  (Figure  1A).  The  isolated 
tumorspheres  demonstrated  a  cell  surface  marker  phe¬ 
notype  CD44+/CD24med/low/ESA+  by  immunocytochem- 
istry  (Additional  file  1:  Figure  Sla-b),  a  phenotype 
previously  determined  to  be  tumorigenic  in  immune- 
deficient  mice  [27]. 

Tumor  formation  and  serial  transplantation  in  NUDE  mice 

To  establish  the  presence  of  tumor-initiating  cells  within 
the  isolated  tumorspheres,  cells  were  injected  into  the 
mammary  fat  pad  of  female  NUDE  mice  in  combination 
with  Matrigel  and  mice  were  monitored  for  tumor  for¬ 
mation.  Since  previous  in  vitro  experiments  suggested 
dissociation  of  the  tumorspheres  caused  decreased  viabi¬ 
lity  of  the  cells  (data  not  shown),  non-dissociated 
tumorspheres  were  injected  into  the  mammary  fat  pad. 
Based  on  cell  counts  performed  during  previous  in  vitro 


Figure  1  Tumor  formation  in  the  mammary  fat  pad  upon 
injection  of  human  tumorspheres.  A.  Light  microscopy  of  a 
representative  tumorsphere  isolated  from  a  patient  core  biopsy 
following  in  vitro  culture  for  10  days.  B.  Injection  of  Matrigel  alone 
into  the  3rd  mammary  fat  pad  of  female  NUDE  mice.  C,  D.  <5  x 
103  cells  derived  from  the  original  patient  biopsy  were  injected  into 
the  3rd  mammary  fat  pad  in  the  form  of  'tumorspheres'  (with 
Matrigel)  and  resulted  in  formation  of  small,  palpable  tumors  within 
3  months  injection  with  an  approximate,  sustainable  tumor  volume 
of  100  mm3 


experiments,  an  estimate  of  50-100  cells  comprised  a 
tumorsphere  of  100  pm  in  diameter.  All  of  the  primary 
tumor  samples  stained  with  H+E  were  histologically 
evaluated  by  a  pathologist  (K.M.).  The  tumor  formation 
capabilities  of  tumorspheres  isolated  from  samples  1-3 
were  conducted  in  NOD/SCID  female  mice  (data  not 
shown).  Tumor  formation  for  samples  1-3  was  not 
observed  3  months  post-injection  and  extension  of  the 
experiment  was  terminated  because  of  a  high  incidence 
of  thymic  masses  in  the  NOD/SCID  mice  that  a  pre¬ 
vious  study  described  as  lymphoma  development  [28]. 
Consequently,  subsequent  experiments  were  performed 
with  the  mouse  strain  to  Nu/Nu  (NUDE).  Injection  of 
Matrigel  alone  into  the  mammary  fat  pad  of  NUDE 
mice  did  not  result  in  tumor  formation  (Figure  IB, 
arrows).  Injection  of  50  tumorspheres  (estimated  total 
cells  injected:  1-5  x  103  cells)  isolated  from  samples  5-9 
in  combination  with  Matrigel  into  the  mammary  fat  pad 
resulted  in  formation  of  small,  palpable  tumors  within  3 
months  post-injection  (Figure  1C-D.  arrows)  that  were 
maintained  until  the  end  of  the  experiment  (approx.  9- 
12  months  post-injection).  Tumorspheres  isolated  from 
sample  4  did  not  form  tumors  when  injected  into  the 
mammary  fat  pad  in  combination  with  Matrigel  (Table 
1).  Tumorspheres  were  re-isolated  from  the  tumors 
formed  in  the  mammary  fat  pad  by  employing  the  same 
serum-free,  non-adherent  culture  conditions  used  to  iso¬ 
late  tumorspheres  from  patient  core  biopsies.  Serial 
transplantation  was  demonstrated  by  the  injection  of  re¬ 
isolated  tumorspheres  into  the  mammary  fat  pad  of 
NUDE  mice  in  combination  with  Matrigel.  Samples  5-9 
were  serially  transplanted  in  this  manner  three  times 
through  NUDE  mice.  In  summary,  the  in  vitro  selection 
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for  tumorspheres  prepared  from  human  breast  core 
biopsies  contained  bTICs  that  formed  small  tumors 
when  injected  into  the  mammary  fat  pad  of  NUDE 
mice.  These  tumors  were  serially  transplantable  through 
NUDE  mice  upon  re-isolation  of  tumorspheres  in  vitro 
and  re-injection  of  tumorspheres  into  the  mammary  fat 
pad  of  mice. 

Characterization  of  tumors  formed  in  the  mammary  fat 
pad  upon  injection  of  tumorspheres 

H+E  staining  was  performed  on  sections  of  the  primary 
tumors  removed  from  the  mammary  fat  pad.  The  edges 
of  the  tumors  were  often  occupied  by  a  dense  popula¬ 
tion  of  cells  as  compared  to  areas  closer  to  the  center  of 
the  tumor  that  were  less  dense  (Figure  2A,  arrows). 
Tumors  consisted  of  small  tumor  cells  with  pleomorphic 
nuclei  that  did  not  exhibit  tubule  formation  (Figure  2A- 
B).  IHC  was  performed  on  sections  of  the  tumors  to 
determine  the  number  of  proliferating  cells  using  a  rab¬ 
bit  monoclonal  ki67  antibody.  Over  40%  of  the  cells 
were  proliferating  in  sample  6  and  9,  and  over  60%  of 
the  cells  were  proliferating  in  samples  5,  7,  and  8  (Fig¬ 
ure  2C,  E).  To  understand  how  a  small  tumor  size  could 
be  maintained  in  the  context  of  significant  proliferation, 
terminal  deoxynucleotidyl  transferase  (TdT)-  mediated 
dUTP  nick  end  labeling  (TUNEL)  was  performed  on 
sections  of  the  tumors  to  determine  the  rate  of  apopto¬ 
sis.  The  rates  of  apoptosis  for  samples  5-9  were  similar 
to  the  rates  of  proliferation  for  each  sample  (Figure  2D, 
F)  indicating  a  large  degree  of  cell  turnover  in  the 
tumors.  In  contrast,  rapidly  growing  MCF-7  breast 
tumor  xenografts  did  not  display  significant  apoptosis 
(Figure  2F).  A  section  from  an  MDA-MB-231  breast 
tumor  xenograft  incubated  with  4  U/ml  of  DNase  I  at 
37°C  for  10  min  was  used  as  a  positive  control  (Figure 
2F,  positive  control). 

The  tumors  were  analyzed  for  the  expression  of  a 
wide  range  or  markers  by  IHC.  Sections  of  MCF-7  and 
MDA-MB-231  tumor  xenografts  were  used  as  controls 
for  positive  and  negative  staining  by  IHC  for  all  antibo¬ 
dies  (Additional  file  2:  Figure  S2a-1).  Expression  levels 
for  each  marker  were  quantified  using  the  MachBiopho- 
tonics  Image J  1.421  program  (as  described  in  the  Materi¬ 
als  and  Methods).  All  tumor  samples  were  negative  for 
estrogen  receptor  a  (ERa)  and  the  mesenchymal  marker 
vimentin  (data  not  shown).  The  cell  adherens  junction 
protein  E-cadherin  is  normally  expressed  in  the  mem¬ 
brane  of  differentiated  epithelial  cells  and  more  differen¬ 
tiated  breast  cancer  cells.  E-cadherin  was  observed  at 
variable  levels  in  the  cytoplasm  and  nucleus  in  all  tumor 
samples  but  not  within  the  cell  membrane  (Figure  3A, 
H).  (3-catenin,  a  central  mediator  of  the  WNT  pathway, 
binds  to  E-cadherin  at  the  membrane  in  conjunction 
with  a  complex  of  proteins  connecting  the  adherens 


junction  to  components  of  the  cytoskeleton  [29,30].  In 
the  absence  of  membrane  E-cadherin,  [3-catenin  is  either 
rapidly  degraded  or  can  translocate  to  the  nucleus  upon 
activation  of  WNT  signaling.  In  corroboration  with  the 
aberrant  cytoplasmic  and  nuclear  E-cadherin  staining, 
localization  of  [3-catenin  was  also  observed  at  variable 
levels  in  the  cytoplasm  and  nucleus  of  all  the  tumor 
samples  (Figure  3B,  H).  Although  all  the  tumor  samples 
were  negative  for  vimentin,  another  mesenchymal  mar¬ 
ker  fibronectin  was  detected  in  all  samples  (Figure  3C, 
H).  Her2/neu  was  detected  by  IHC  in  all  tumor  samples 
however  the  extent  of  expression  was  highly  variable 
between  samples  (Figure  3D,  H).  In  addition  to  quantifi¬ 
cation  using  the  MachBiophotonics  ImageJ  1.421  pro¬ 
gram,  Her2/neu  expression  within  the  tumor  samples 
was  expressed  as  a  histoscore  (as  described  in  the  Meth¬ 
ods)  (Figure  31).  Based  on  the  reported  histoscores,  sam¬ 
ple  7  exhibited  the  lowest  expression  of  Her2  whereas 
sample  5  exhibited  the  highest  expression  of  Her2  as 
compared  to  the  other  samples  (Figure  31).  The  detec¬ 
tion  of  Her2/neu  staining  by  IHC  in  the  experimental 
tumors  is  not  equivalent  to  the  clinical  diagnosis  of 
Her2/neu  positive  tumors,  which  is  based  predominantly 
upon  Her2/neu  gene  amplification.  All  tumors  showed 
positive  staining  using  an  antibody  to  broad-spectrum 
cytokeratins  at  variable  levels  between  tumors  (data  not 
shown)  indicating  the  presence  of  epithelial  lineage  cells 
in  the  tumor.  IHC  for  cytokeratin  8  and  cytokeratin  14 
was  performed  to  determine  the  presence  of  luminal 
and  myoepithelial  cell  lineages,  respectively,  within  the 
tumors.  Cytokeratin  8  was  detected  in  all  samples  at 
variable  levels  (Figure  3E,  H)  whereas  cytokeratin  14 
was  only  detected  in  sample  5  and  9  (Figure  3F,  H). 
These  data  indicate  that  tumors  were  comprised  of 
mixed  luminal  and  myoepithelial  lineage  tumor  cells 
with  some  tumors  negative  for  myoepithelial  lineage 
tumor  cells.  Recently,  aldehyde  dehydrogenase  (AFDH) 
has  been  implicated  as  a  stem  cell  marker  for  both  nor¬ 
mal  mammary  cells  and  breast  cancer  cells  [31,32].  IHC 
using  a  rabbit  monoclonal  antibody  against  AFDH1A1 
demonstrated  less  than  20%  of  cells  in  all  tumors 
expressed  AFDH1A1  and  no  expression  was  detected  in 
tumors  formed  from  sample  8  (Figure  3G,  H).  These 
data,  along  with  the  cytokeratin  staining,  indicate  that 
the  tumors  formed  upon  injection  of  tumorspheres  into 
the  mammary  fat  pad  of  NUDE  mice  did  not  entirely 
retain  the  primitive  features  of  the  tumorsphere  [16,33], 
but  instead  exhibited  marked  heterogeneity  in  expres¬ 
sion  of  lineage  specific  epithelial  and  mesenchymal  mar¬ 
kers.  To  confirm  that  tumors  contained  cells  of  human 
origin,  IHC  was  performed  using  a  mouse  monoclonal 
antibody  against  human  nuclear  antigen  (HNA)  [34,35]. 
Sections  of  a  human  MDA-MB-231  breast  tumor  xeno¬ 
graft  was  used  as  a  positive  control  for  HNA  staining 
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Figure  2  Morphology,  proliferation  and  apoptosis  within  primary  tumors  formed  upon  injection  of  tumorspheres.  A,  B.  H+E  staining  of 
5  pm  paraffin-embedded  tumor  sections  derived  from  patient  Sample  5  at  40x  and  200x,  respectively.  C,  E.  IHC  and  quantitation  for  Ki67  were 
performed  on  5  pm  paraffin-embedded  tumor  sections  derived  from  patients  Samples  5-9.  Ki67  positive  cells  and  total  number  of  cells  were 
counted  using  Image  J  software  in  five  randomly  microphotographed  images  from  each  tumor  sample  and  represented  as  the  mean  %  positive 
cells  with  SD.  D,  F.  TUNEL  staining  and  quantitation  (as  described  above)  for  apoptosis.  MDA-MB-231  human  breast  cancer  xenograft  incubated 
with  4  U/ml  DNase  I  was  used  as  a  positive  control  for  TUNEL.  Values  are  reported  as  mean  +/-  SD. 

v  V 


(Additional  file  3:  Figure  S3a);  as  a  negative  control,  PBS 
used  in  place  of  the  HNA  primary  antibody  step  for 
staining  tumors  formed  upon  injection  of  tumorspheres 
(Additional  file  3:  Figure  S3b);  sections  of  a  mouse  kid- 
ney  incubated  with  the  HNA  antibody  from  a  non¬ 
tumor  bearing  animal  was  also  used  as  a  negative  con¬ 
trol  (Additional  file  3:  Figure  S3c).  In  all  tumors  (sam¬ 
ples  5-9),  a  majority  of  the  cells  stained  positive  for 
HNA  as  shown  in  the  representative  micrograph  for 
sample  6  (Additional  file  3:  Figure  S3d).  Metastatic 
lesions  within  the  liver  and  lung  were  also  positive  for 
HNA  (Additional  file  3:  Figure  S3e  and  f,  respectively). 


Metastatic  human  cancer  cells  detected  in  mouse  tissues 

Micrometastasis  of  human  cancer  cells  to  mouse  kidney, 
liver,  lung,  brain  and  femurs  (bone  marrow)  was 
assessed  at  3  months  post-injection  using  PCR  to  detect 
human  chromosome  17  in  the  mouse  tissues.  Although 
no  visual  macrometastatic  lesions  were  observed  within 
any  of  the  organs  at  3  months  post-injection,  human 
DNA  was  detected  in  the  kidneys,  liver,  lung,  bone  mar¬ 
row  (Figure  4A),  and  brain  (data  not  shown).  As  a  nega¬ 
tive  control,  DNA  was  isolated  from  the  organs  of  a 
mouse  injected  with  Matrigel  alone  into  the  mammary 
fat  pad;  no  signal  was  detected  (Figure  4B).  H+E  staining 
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SAMPLE 

E-cadherin 

P-catenin 

Fibronectin 

Her2/neu 

Cytokeratin  8 

Cytokeratin  14 

ALDH1A1 

5 

38.4%  ±  15.6 

58.4%  ±  12.3 

42.2%  ±  6.50 

58.1%  ±  13.2 

65.4%  ±  12.3 

42.4%  ±  10.8 

13.6%  ±4.67 

6 

59.7%  ±  18.9 

66.0%  ±  13.2 

58.6%  ±  12.37 

39.4%  ±  16.0 

29.7%  ±  4.9 

Negative 

13.1%  ±6.95 

7 

69.5%  ±  8.3 

76.4%  ±  4.2 

71.1%  ±  17.1 

28.0%  ±  11.2 

40.5%  ±  6.5 

Negative 

15.0%  ±6.1 

8 

80.5%  ±  5.7 

61.3%  ±  12.8 

78.8%  ±  7.8 

72.3%  ±  6.0 

66.7%  ±  10.8 

Negative 

Negative 

9 

53.9%  ±7.7 

52.3%  ±  9.4 

61.3%  ±9.6 

45.9%  ±  16.1 

49.1%  ±  13.3 

19.6%  ±  10.4 

19.1  ±8.3 

SAMPLE 

Histoscore 
(Her2  staining) 

5 

6.3  ±0.6 

6 

4.3  ±0.6 

7 

2.7  ±0.6 

8 

5.7  ±0.6 

9 

4  ±  1 

Figure  3  Expression  of  markers  for  epithelial  and  mesenchymal  lineages  in  tumor  samples.  A-G.  Representative  IHC  demonstrating 
patterns  of  expression  of  E-cadherin,  fibronectin,  Her2/neu,  cytokeratin  8,  cytokeratin  14,  and  aldehyde  dehydrogenase  1  (ALDH1)  in  tumors 
formed  upon  the  injection  tumorspheres  into  the  mammary  fat  pad  of  female  NUDE  mice.  200x  magnification  in  all  panels.  H.  Quantitation  of 
positive  staining  and  total  number  of  cells  were  counted  using  Image  J  software  in  five  randomly  microphotographed  images  from  each  tumor 
sample  and  represented  as  the  mean  %  positive  cells  with  SD.  I.  Histological  scoring  of  Her  2  expression  within  tumor  samples.  Values  are 
reported  as  mean  +/-  SD. 


Figure  4  Detection  of  micrometastasis  of  human  cancer  cells  in 
mouse  tissues.  A.  PCR  for  a  centromeric  region  in  human 
chromosome  17  was  used  to  detect  human  cells  in  mouse  organs 
isolated  from  mice  injected  with  tumorspheres  into  the  mammary 
fat  pad  3  months  post-injection.  Human  DNA  was  detected  in  the 
lungs,  kidneys,  brain,  bone  marrow,  and  liver.  DNA  isolated  from 
MCF-7  cells  and  mouse  tail  was  used  as  a  positive  and  negative 
control,  respectively.  B.  PCR  for  DNA  isolated  from  organs  collected 
from  a  mouse  injected  with  Matrigel  alone  was  also  used  as  a 
negative  control.  C-F.  Micrographs  representing  micrometastasis  in 
the  lung,  liver,  brain  and  kidney,  respectively,  collected  from  mice 
previously  injected  with  tumorspheres.  lOOx  magnification  in  all 
panels.  Arrows  indicate  micrometastases  surrounded  by  normal 
mouse  tissue. 

k _ J 


demonstrated  micrometastases  within  the  lung,  liver, 
brain  and  kidney  (Figure  4C-F,  respectively). 

Data  from  Figure  4  demonstrated  that  by  3  months 
post-injection  of  tumorspheres  into  the  mammary  fat 
pad,  tumor  cells  had  disseminated  to  distant  organs.  By 
8  months  post-injection,  macrometastatic  (visual)  lesions 
were  observed  in  the  lung,  liver  and  kidney  for  samples 
5-9  (Figure  5A-C,  respectively).  H+E  staining  performed 
on  sections  of  organs  with  visual  metastatic  lesions  at 
the  time  of  necropsy  confirmed  the  presence  of  large 
metastatic  lesions  within  the  lung,  liver  and  kidneys 
(Figure  5D-F,  respectively). 

Organ  tropism  of  the  metastatic  cells  and  the  metastatic 
burden  within  the  mouse  organs 

Paraffin-embedded  sections  of  lungs,  livers,  kidneys  and 
brains  from  samples  5-9  were  stained  with  H+E  to 
further  determine  the  metastatic  potential  of  the  tumor¬ 
spheres  injected  into  the  mammary  fat  pad.  Since 
tumorspheres  isolated  from  sample  1-3  did  not  form 
tumors  in  the  mammary  fat  pad  of  NOD/SCID  mice, 
the  metastatic  potential  for  these  samples  was  not 
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Figure  5  Macrometastasis  in  the  organs  of  mice  injected  with 
tumorspheres  into  the  mammary  fat  pad.  A-C.  Representative 
visual  macrometastatic  lesions  detected  in  the  lung,  liver  and 
kidney,  respectively,  10  months  post-injection  of  tumorspheres  into 
the  mammary  fat  pad  of  NUDE  mice.  D-F.  H+E  staining  performed 
on  5  pm  paraffin -embedded  section  of  a  lung,  liver  and  kidney, 
respectively,  illustrates  macrometastatic  lesions  in  the  organs. 
Metastatic  lesion  indicated  by  £;  normal  mouse  tissue  indicated  by 
§.  lOOx  magnification  in  all  panels. 


determined.  A  comprehensive  analysis  of  metastasis  was 
performed  to:  1)  determine  the  percentage  of  all  organs 
examined  (lung,  kidney,  brain,  liver)  that  exhibited 
metastases  for  each  of  samples  5-9  (overall  metastatic 
spread);  2)  compare  tropism  of  each  sample  to  different 
organs,  and;  3)  quantitate  the  relative  metastatic  burden 


within  each  organ  for  each  sample  as  a  measure  of  the 
ability  of  metastatic  cells  to  colonize  organ  sites  and 
grow  into  larger  lesions.  The  total  number  of  organs 
with  detectable  metastases  was  counted  to  determine 
the  overall  metastatic  spread  for  each  sample.  The  data 
was  further  separated  by  the  particular  organ  with 
detectable  metastases  (lung,  liver,  kidney  and  brain)  to 
determine  tropism.  The  metastatic  burden  within  each 
organ  was  then  quantified  as  described  in  the  material 
and  methods.  The  number  (n)  of  lungs,  kidneys,  brains 
and  livers  analyzed  for  each  sample  is  indicated  in  Fig¬ 
ure  6C-G. 

The  percentage  of  all  organs  examined  with  metastasis 
(overall  metastatic  spread),  without  regard  to  the  size  of 
the  metastatic  lesions,  was  comparable  between  all  sam¬ 
ples  (Figure  6A).  Sample  7  demonstrated  the  lowest 
(71%),  and  sample  9  demonstrated  the  highest  (100%) 
overall  metastatic  spread.  Analysis  of  the  percentage  of 
organs  with  metastasis  (without  regard  for  the  size  of 
the  metastatic  lesions)  revealed  qualitative  differences  in 
the  organ  tropisms  of  the  samples.  Samples  5  and  9 
exhibited  the  highest  tropism  to  lung  and  brain  as  com¬ 
pared  to  the  other  samples  and  sample  9  also  exhibited 
higher  tropism  to  liver  (100%)  than  any  other  sample 
(Figure  6B).  Sample  5  additionally  demonstrated  the  lar¬ 
gest  %  metastatic  burden  in  the  lung  compared  to  other 
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Figure  6  Quantitation  of  the  organ  tropism  of  the  metastatic  cells  and  the  metastatic  burden  within  the  mouse  organs.  A.  Comparison 
of  the  percentage  of  total  organs  that  contained  metastatic  cells  (Overall  Metastatic  Spread)  for  samples  5-9  as  assessed  by  morphological 
analysis  of  H+E  stained  sections.  The  total  number  of  mouse  organs  analyzed  is  indicated  by  n  above  each  bar.  B.  Comparison  of  the  percent  of 
lungs,  kidneys,  brains  and  livers  that  contained  metastatic  cells  (Organ  Tropism)  for  samples  5-9  as  assessed  by  morphological  analysis  of  H+E 
stained  sections.  C-E.  Graphical  representation  of  the  metastatic  burden  calculated  for  the  total  number  of  lungs,  kidneys,  brains  and  livers  that 
were  analyzed  from  mice  injected  with  sample  5-9.  The  number  of  mouse  organs  analyzed  is  indicated  by  n  in  each  graph.  Each  bar  represents 
the  calculated  metastatic  burden  for  one  organ.  The  metastatic  burden  in  each  organ  was  calculated  by  dividing  the  pixels  present  in  the 
metastatic  lesion/s  (x  pixels)  by  the  total  pixels  comprising  the  field  of  view  (y  pixels)  then  multiplying  by  100  [(x  pixels/y  pixels)*100],  resulting  in 
a  percent  value.  The  percent  metastatic  burden  was  calculated  from  the  means  from  5  fields  of  view  (lOOx  magnification)  per  organ  analyzed. 
Values  are  reported  as  mean  +/-  SD. 
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tumor  samples  (compare  lung  %  metastatic  burden  in 
Figure  6Cto  Figures  6D -G).  Although  sample  9  demon¬ 
strated  the  highest  tropism  to  liver  (Figure  6B),  the 
metastatic  burden  in  the  liver  did  not  exceed  10%  (Fig¬ 
ure  6G)  indicating  that  although  sample  9  metastasized 
to  liver  in  100%  of  animals,  the  metastatic  tumor  cells 
did  not  develop  into  large  metastatic  lesions.  In  contrast, 
although  sample  7  showed  the  lowest  tropism  to  liver 
compared  to  other  samples  (60%,  Figure  6B),  the  metas¬ 
tasized  tumor  cells  yielded  the  greatest  metastatic  bur¬ 
den  in  the  liver  compared  to  other  samples  (Figure  6E). 
Sample  7  demonstrated  the  lowest  tropism  to  the  brain 
(Figure  6B)  although  the  metastatic  burden  in  the  brain 
was  comparable  to  the  other  samples  (Figure  6E).  Sup¬ 
plemental  Figure  4  represents  the  %  metastatic  burden 
in  each  tissue  for  each  sample  as  a  function  of  the  time 
the  organs  were  removed  after  initial  injection  of  tumor- 
spheres  into  the  mammary  fat  pad  (Days  post-injection). 
An  increase  in  metastatic  burden  in  any  of  the  organs 
did  not  correlate  with  the  number  of  days  post-injection 
(Additional  file  4:  Figures  S4a-e).  However,  sample  7 
demonstrated  larger  metastatic  lesions  at  earlier  time 
points  as  compared  to  the  other  samples  (Additional  file 
4:  Figure  S4c). 

Characterization  of  the  metastatic  cells  within  the  mouse 
organs 

It  is  hypothesized  that  tumor  cells  acquire  metastatic 
potential  following  an  epithelial  to  mesenchymal  transi¬ 
tion  (EMT)  that  permits  local  invasion  and  migration  to 
distant  metastatic  sites.  Once  cells  arrive  at  these  meta¬ 
static  sites,  it  is  further  hypothesized  that  tumor  cells 
may  undergo  a  reversion  to  reacquire  epithelial  charac¬ 
teristics  that  will  permit  survival  and  outgrowth  at  the 
ectopic  site  [30,36].  Therefore  the  expression  of  E-cad- 
herin  and  p-catenin,  two  important  modulators  of  EMT, 
was  assessed  by  IHC  within  the  metastatic  lesions  in  the 
lung  and  liver.  The  localization  of  E-cadherin  and  p- 
catenin  in  the  lung  and  liver  was  markedly  different 
than  the  localization  in  the  primary  tumor  (see  Addi¬ 
tional  file  5:  Table  SI  for  comprehensive  comparison  of 
marker  expression  profiles  between  primary  tumor  and 
metastatic  lesions).  In  contrast  to  the  predominantly 
cytoplasmic  and  nuclear  localization  of  E-cadherin  in 
the  primary  tumors,  E-cadherin  was  detected  in  the 
membrane  of  the  metastatic  cells  in  the  lung  and  liver 
although  not  all  metastatic  cells  demonstrated  E-cad¬ 
herin  staining  (Figure  7  A  and  7B).  In  the  liver,  E-cad¬ 
herin  expression  was  most  consistently  observed  in 
metastatic  cells  within  close  proximity  to  resident  hepa- 
tocytes  (Figure  7B,  black  arrow).  Interestingly,  hepato- 
cytes  within  close  proximity  to  metastatic  cancer  cells 
demonstrated  stronger  expression  of  E-cadherin  in  the 


membrane  as  compared  to  hepatocytes  not  proximal  to 
metastatic  cancer  cells  (Figure  7B,  red  arrow).  Similar  to 
localization  of  E-cadherin,  P-catenin  expression  was  also 
detected  predominantly  in  the  membrane  of  the  meta¬ 
static  cells  in  the  lung  and  the  liver  (Figure  7C  and  7D) 
in  contrast  to  the  cytoplasmic  and  nuclear  localization 
in  the  primary  tumor.  The  pattern  and  intensity  of  p- 
catenin  staining  was  similar  to  that  of  E-cadherin  within 
the  same  lung  tissue  samples  (Figure  7C,  black  arrow). 
P-catenin  was  most  strongly  expressed  in  the  membrane 
of  metastatic  cells  within  close  proximity  to  hepatocytes 
in  the  liver,  similar  to  the  results  with  E-cadherin  (Fig¬ 
ure  7D,  black  arrow).  Fibronectin,  a  component  of  the 
extracellular  matrix  (ECM),  exhibited  variable  expression 
within  metastatic  lesions  in  the  lung  and  the  liver  (Fig¬ 
ure  7E  and  7F).  All  metastatic  lesions  in  the  liver  did 
not  express  ERa,  consistent  with  the  lack  of  ERa 
expression  in  the  primary  tumors  (Figure  7H).  However, 
metastatic  lesions  in  the  lung  of  mice  injected  with 
tumorspheres  isolated  from  samples  6  and  8  demon¬ 
strated  heterogeneous  re-expression  of  ERa  (Figure  7G, 
arrow). 

Discussion 

Current  research  implies  the  presence  of  a  population  of 
cells  in  breast  tumors  with  tumor-initiating  capabilities. 
A  number  of  cell  surface  markers  have  been  used  to 
sort  for  breast  cancer  cells  with  tumor-initiating  capa¬ 
city,  including  CD44  [6],  CD133  [37],  ALDH  [31,38], 
CD90  [39,40],  and  CD117  (KIT)  [41].  However,  attempts 
to  eliminate  artifact  may  result  in  the  biased  selection  of 
a  small  sub-population  of  cells  present  in  disaggregated 
tissue.  Presented  in  this  study  is  an  efficacious  model 
for  the  in  vitro  isolation  of  tumorspheres,  containing 
breast  tumor-initiating  cells,  from  human  breast  core 
biopsies.  Injection  of  isolated  tumorspheres  into  the 
mammary  fat  pad  of  NUDE  mice  resulted  in  formation 
and  maintenance  of  small,  palpable  tumors  that  exhib¬ 
ited  elevated  proliferation  and  apoptosis.  Within  8 
months  post-injection,  widespread  metastasis  to  mouse 
organs  occurred  most  notably  to  liver,  lung,  and  kidney. 
The  cells  within  the  tumors  present  in  the  mammary  fat 
pad  displayed  heterogeneous  expression  of  a  range  of 
markers  for  epithelial  and  mesenchymal  differentiation 
that  included  cytokeratins,  E-cadherin,  P-catenin,  fibro¬ 
nectin,  as  well  as  Her2/neu.  Histological  heterogeneity 
was  observed  both  within  individual  tumors,  and 
between  tumors  formed  from  tumorspheres  isolated 
from  different  patient  samples.  Whereas  primary  tumors 
did  not  exhibit  E-cadherin  staining  in  cell  membranes,  a 
subset  of  tumor  cells  that  had  metastasized  to  the  lung 
and  the  liver  exhibited  a  re-distribution  of  E-cadherin  to 
the  membrane.  These  data  describe  a  novel  hetero- 
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Figure  7  Expression  of  markers  for  epithelial  and  mesenchymal  lineages  in  metastatic  lesions  of  lung  and  liver.  A-B.  IHC  performed  on 
5  pm  paraffin-embedded  sections  of  a  lung  and  liver  using  a  monoclonal  anti-human  antibody  to  E-cadherin.  C-D.  IHC  performed  on  5  pm 
paraffin-embedded  sections  of  a  lung  and  liver  using  a  polyclonal  anti-human  antibody  to  (3-catenin.  E-F.  IHC  performed  on  5  pm  paraffin- 
embedded  sections  of  a  lung  and  liver  using  a  polyclonal  anti-human  antibody  to  fibronectin.  G-H.  IHC  performed  on  5  pm  paraffin-embedded 
sections  of  a  lung  and  liver  using  a  monoclonal  anti-human  antibody  to  ERa.  G.  Inset  panel  (bottom  left)  demonstrates  negative  staining  in 
normal  lung  cells  in  proximity  to  the  metastatic  lesion  in  the  lung.  200x  magnification  in  all  panels. 


transplantation  tumor  model  that  exhibits  a  metastatic 
profile  that  recapitulates  the  development  of  metastasis 
in  human  breast  cancer  patients. 

Tumorspheres  were  successfully  isolated  from  all 
breast  core  biopsies  including  samples  1-3,  which  were 
not  included  in  the  data  presented  due  to  the  lack  of 
tumor  formation  and  development  of  thymic  lymphoma 
in  NOD/SCID  mice  (as  described  in  the  Results  section). 
Samples  5-9  tumorspheres  were  derived  from  patients 
with  invasive  ductal  carcinoma  (IDC),  similar  to  other 
reports  investigating  the  tumorigenic  potential  of  breast 
cancer  cells  isolated  as  tumorspheres  in  vitro  [16,33]. 
Although  FACS  has  been  used  to  isolate  tumorigenic 
breast  cancer  cells  from  other  breast  cancer  subtypes 


such  as  inflammatory  breast  cancer  and  lobular  carci¬ 
noma  [27],  there  are  no  reports  demonstrating  the  suc¬ 
cessful  isolation  of  tumor-initiating  cells  as 
tumorspheres  from  these  breast  cancer  subtypes.  When 
the  host  was  changed  to  NUDE  mice,  the  methods 
described  herein  reproducibly  resulted  in  tumorsphere 
formation  in  vitro ,  and  in  tumor  formation  for  all  sam¬ 
ples  derived  from  primary  breast  core  biopsies  irrespec¬ 
tive  of  ER/PR/Her2  status,  tumor  grade  or  stage. 
Tumorsphere  number  and  size  varied  between  samples, 
however  differences  could  not  be  correlated  with  ER/ 
PR/Her2  status,  tumor  stage  or  grade. 

Tumorspheres  isolated  under  select  culture  conditions 
likely  contain  a  heterogeneous  population  of  cells  most 


Marsden  et  ai  BMC  Cancer  2012,  12:10 
http://www.biomedcentral.eom/1 471-2407/1 2/1 0 


Page  12  of  16 


of  which  will  not  likely  have  tumor-initiating  capabil¬ 
ities.  Therefore  tumor  formation  upon  the  injection  of  a 
minimal  number  of  cells  that  were  not  selected  on  the 
basis  of  epithelial  origin  or  differentiation  potential  indi¬ 
cated  the  presence  of  tumor-initiating  breast  cancer 
cells  within  the  tumorspheres.  The  injection  of  non-dis- 
aggregated  tumorspheres,  as  opposed  to  single  cell  sus¬ 
pensions,  establishes  a  novel  method  for  the 
investigation  of  tumorigenicity  in  vivo .  The  absence  of 
mechanical  and/or  enzymatic  stress  during  preparation 
of  the  cells  for  injection  improved  the  tumor  cell  viabi¬ 
lity.  Therefore  the  injection  of  non-dissociated  tumor¬ 
spheres,  in  combination  with  the  immune-deficient 
mouse  model  employed  (NUDE  mouse  strain),  contribu¬ 
ted  to  the  high  tumor  engraftment  rates  observed.  How¬ 
ever,  future  studies  should  determine  differences  in 
tumor  formation  and  metastatic  potential  between  single 
cell  suspensions  and  non-disaggregated  tumorspheres. 
Differences  detected  may  reveal  the  effects  of  cell  selec¬ 
tion  bias  based  on  methodologies  employed  when  pre¬ 
paring  cells  for  injection. 

The  small  primary  tumor  volume  observed  in  the 
mammary  fat  pad  suggested  a  low  level  of  tumor  cell 
proliferation.  However  the  number  of  proliferating  cells 
detected  by  I<i67  staining  was  high  in  all  tumor  samples. 
This  high  proliferation  was  offset  by  a  number  of  cells 
undergoing  apoptosis.  This  equilibrium  between  prolif¬ 
eration  and  apoptosis  provided  an  explanation  for  the 
formation  and  long-term  propagation  of  the  small,  palp¬ 
able  tumors,  indicating  the  tumors  were  persisting  in  a 
state  of  tumor  dormancy.  However  it  also  raised  the 
question  as  to  why  the  high  level  of  proliferation 
observed  in  the  tumors  did  not  eventually  overcome  the 
apoptosis  and  result  in  larger  tumor  volumes  with  time. 
One  possible  explanation  could  be  the  inability  of 
tumors  to  initiate  neoangiogenesis  that  was  manifest  in 
high  rates  of  apoptosis  and  proliferation  that  culminated 
with  tumor  dormancy  [42,43].  Failure  of  the  injected 
cells  to  efficiently  recruit  mouse  stromal  cells/endothe¬ 
lial  cells  would  lead  to  nutrient  and  oxygen  deprivation 
that  would  result  in  high  levels  of  apoptosis  to  compen¬ 
sate  for  a  high  proliferation  of  the  tumor  cells.  Alterna¬ 
tively,  this  disruption  in  homeostasis  may  occur  as  a 
later  event  during  tumor  progression,  upon  sufficient 
acquisition  of  somatic  mutations  within  the  differen¬ 
tiated  progeny.  Nonetheless,  the  metastatic  phenotype 
demonstrated  in  this  study  implies  that  metastasis  is  an 
early  event  in  tumorigenesis;  conferring  implications 
that  challenge  the  linearity  of  breast  tumor  progression. 

Traditional  xenograft  models  derived  from  established 
breast  cancer  cell  lines  (e.g.  MCF-7,  MDA-MB-231)  dis¬ 
play  fairly  homogeneous  organization,  morphology,  and 
protein  expression  patterns.  In  contrast,  characterization 
of  the  tumors  derived  from  primary  tumorspheres 


presented  here  revealed  heterogeneity  among  samples  in 
morphology  and  marker  expression.  Because  the  tumor¬ 
spheres  exhibited  stem-like  properties,  it  might  be 
expected  that  tumors  in  mice  derived  from  the  tumor¬ 
spheres  would  exhibit  similar  morphology  as  the  patient 
tumors.  Because  the  tumorspheres  exhibited  stem-like 
properties,  it  might  be  expected  that  tumors  in  mice 
derived  from  the  tumorspheres  would  exhibit  similar 
morphology  as  the  patient  tumors.  Although  the  human 
breast  tumor  samples  ranged  from  grade  1-3,  the 
tumors  in  the  mammary  fat  pad  did  not  exhibit  all  of 
the  morphological  characteristics  of  the  patient  tumors, 
such  as  tubule  formation  and  ER  and  Her2  expression. 
This  discrepancy  is  likely  a  result  of  the  microenviron¬ 
ment  within  the  mammary  fat  pad  that  is  mostly  devoid 
of  the  stromal  and  cellular  components  present  in 
human  mammary  tissue,  and  instead  is  composed  pre¬ 
dominantly  of  adipose  tissue.  It  is  possible  that  the 
inclusion  of  human  stromal/cellular  components  with 
the  tumorspheres  would  more  accurately  recapitulate 
the  microenvironment  within  human  mammary  tissue 
resulting  in  tumors  that  might  exhibit  tubule  formation, 
ER/PR  expression  and  other  characteristics  of  low  grade, 
more  differentiated.  In  general,  the  edges  of  the  tumors 
were  lined  with  dense  areas  of  cells  that  were  also 
observed  within  the  tumors  as  a  dense  ring  of  cells  sur¬ 
rounding  a  more  diffuse  distribution  of  tumor  cells  (Fig¬ 
ure  2).  Although  the  expression  patterns  of  most 
markers  used  in  the  characterization  of  the  tumors  did 
not  correspond  to  this  evident  cellular  organization,  the 
expression  of  P-catenin  did  correlate  with  this  organiza¬ 
tion  displaying  strong  expression  in  the  ring  of  cells 
encapsulating  the  diffuse  population  of  cancer  cells.  All 
tumors  in  the  mammary  fat  pad  were  negative  for  ERa 
despite  the  varied  ERa  status  of  the  patient  samples. 
During  an  EMT  in  breast  cancer,  E-cadherin  expression 
in  the  membrane  is  reported  to  be  lost  or  re-localized 
to  the  cytoplasm  [29,44].  Consistent  with  a  mesenchy¬ 
mal  phenotype,  in  the  primary  tumors  E-cadherin  and 
P-catenin  expression  was  localized  in  the  cytoplasm  and 
nucleus  (Figure  3).  Given  that  loss  of  E-cadherin  expres¬ 
sion  in  breast  cancer  is  associated  with  an  EMT  and 
with  the  metastatic  process,  the  unique  expression  pat¬ 
tern  of  E-cadherin  in  the  present  tumor  model  that 
exhibits  a  metastatic  phenotype  warrants  further  study. 

Human  metastatic  cancer  cells  were  detected  by  PCR 
at  3  months  post-injection  of  tumorspheres  into  the 
mammary  fat  pad  within  the  lung,  liver,  kidney,  brain 
and  femur  (Figure  4).  However  the  development  of  large 
metastatic  lesions  was  observed  by  H+E  staining  in  the 
lung,  kidney  and  liver  only.  Comparison  of  the  organ- 
specific  percent  metastasis  to  the  metastatic  burden 
within  each  organ  revealed  interesting  results.  Although 
sample  7  demonstrated  the  lowest  percent  metastasis 
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overall  and  within  the  organs  analyzed,  the  percent 
metastatic  burden  within  each  organ  was  comparable  to 
or  more  often  higher  on  average  as  compared  to  the 
other  samples.  In  contrast,  sample  9  demonstrated  the 
highest  percent  metastasis  overall  and  within  the  organs 
analyzed,  however  the  percent  metastatic  burden  within 
each  organ  was  minimal  compared  to  the  other  samples. 
These  conflicting  results  elucidate  a  potential  shortcom¬ 
ing  in  the  current  methods  employed  for  predicting 
metastatic  disease.  The  ability  of  cancer  cells  to  metasta¬ 
size  from  the  primary  site  to  distant  sites  may  not  accu¬ 
rately  reflect  the  actual  metastatic  potential  of  the  cells. 
Rather,  understanding  and  predicting  the  adaptation  of 
the  cells  that  have  arrived  at  the  distant  site  of  metasta¬ 
sis,  may  more  accurately  determine  the  potential  for  the 
development  of  overt  metastatic  disease.  Samples  5  and 
9,  the  only  tumor  samples  derived  from  patient  biopsies 
with  clinical  diagnosis  of  triple  negative  (ER7PR7Her2  ), 
demonstrated  the  highest  average  metastatic  burden 
within  the  organs.  This  observation  may  imply  a  growth 
advantage  at  distant  sites  for  metastatic  cells  derived 
from  triple  negative  tumors,  although  additional  samples 
would  be  needed  to  demonstrate  statistical  significance. 
Despite  the  detection  of  metastasis  by  H+E  staining  in 
60% -100%  of  brains  analyzed,  the  metastatic  burden  was 
on  average  between  only  1-3%.  The  blood-brain  barrier 
(BBB)  consists  of  tight  junctions  and  adherens  junctions 
between  the  brain  endothelial  cells,  restricting  the  pas¬ 
sage  of  substances  from  the  bloodstream  into  the  brain 
[45].  Impedance  of  entry  into  the  brain  by  the  BBB  may 
contribute  to  the  apparent  extended  dormancy  period  of 
the  metastatic  cells  present  in  the  brain,  in  combination 
with  other  influencing  factors.  Overall,  the  long  duration 
from  the  time  of  detection  of  cancer  cells  in  the  organs 
(by  PCR  and/or  histological  staining)  to  the  develop¬ 
ment  of  visual  macrometastasis  in  mouse  organs  was 
similar  to  the  delay  in  development  of  measurable 
metastasis  in  breast  cancer  patients  following  diagnosis 
of  primary  breast  tumors  [46,47].  The  extended  latency 
between  the  injection  of  tumorspheres  and  the  develop¬ 
ment  of  macroscopic  metastatic  lesions  is  a  limitation  of 
this  model.  The  injection  of  a  higher  number  of  cells 
may  increase  the  time  to  tumor  formation  and  the 
tumor  volume  in  the  mammary  fat  pad,  however  we 
speculate  that  the  observed  metastatic  latency  would  not 
be  affected.  The  organ  microenvironment  and  intrinsic 
properties  of  the  disseminated  cells  likely  predominantly 
contribute  to  the  observed  metastatic  latency.  However 
secreted  factors  from  the  primary  tumor  within  the 
mammary  fat  pad  could  also  influence  metastatic  pro¬ 
gression,  therefore  an  increase  in  tumor  volume  may 
affect  the  proliferative  state  of  disseminated  tumor  cells 
at  distant  sites.  Future  studies  investigating  the  effects  of 
larger  tumor  volumes  on  metastatic  latency,  possibly  by 


the  injection  of  increasing  numbers  of  cells  into  the 
mammary  fat  pad,  may  elucidate  the  influence  of 
secreted  factors  from  the  primary  tumor  on  dissemi¬ 
nated  cancer  cells.  The  detection  of  micrometastases  in 
an  array  of  organs  with  the  development  of  macrome- 
tastases  in  only  a  select  few  of  those  organs  suggests 
that  mechanical/stochastic  forces  may  permit  entry  of 
cancer  cells  into  a  range  of  organs;  however  metastatic 
cells  will  only  survive  and  develop  into  overt  lesions 
when  present  within  a  permissive,  conditioned  meta¬ 
static  niche  [20]. 

Whereas  cytoplasmic  and  nuclear  localization  of  E- 
cadherin  and  [3-catenin  was  observed  in  the  primary 
tumors,  E-cadherin  and  (3-catenin  were  re-expressed  in 
the  membrane  in  a  subset  of  metastatic  cells  in  the  lung 
suggesting  a  possible  reversion  back  to  an  epithelial  phe¬ 
notype  (a  mesenchymal  to  epithelial  transition)  [36,48]. 
E-cadherin  and  (3-catenin  expression  was  predominantly 
observed  in  the  membrane  of  metastatic  cells  proximal 
to  hepatocytes  in  the  liver.  Furthermore,  hepatocytes 
proximal  to  metastatic  cancer  cells  demonstrated  stron¬ 
ger  E-cadherin  expression  as  compared  to  hepatocytes 
not  within  close  proximity  to  metastatic  cancer  cells. 
Chao  et  al.  demonstrated  re-expression  of  E-cadherin  in 
the  membrane  of  MDA-MB-231  breast  carcinoma  cells 
in  vivo  and  in  vitro  when  in  close  proximity  to  hepato¬ 
cytes  [49].  Additionally,  in  prostate  cancer  models  of 
metastasis  to  the  liver,  E-cadherin  was  shown  to  accu¬ 
mulate  at  the  interface  with  hepatocytes  [50,51].  These 
findings  further  support  the  importance  of  crosstalk 
between  the  cancer  cells  and  native  cells  present  within 
the  organ.  Fibronectin,  a  component  of  the  extracellular 
matrix  (ECM),  plays  an  important  role  in  cell  migration, 
adhesion,  maintenance  of  cell  shape  and  wound  healing. 
Fibronectin-dependent  signaling  has  been  linked  to  can¬ 
cer  cell  dormancy,  involved  in  the  quiescent  to  prolifera¬ 
tive  switch  [52,53].  Many  of  the  smaller  metastatic 
lesions  in  the  liver  did  not  demonstrate  expression  of 
fibronectin,  however  fibronectin  was  found  variably 
expressed  within  the  larger  metastatic  lesions.  This 
observation  could  implicate  fibronectin  signaling  as  a 
possible  mechanism  involved  in  the  development  of 
macrometastatic  lesions  within  the  liver.  The  metastatic 
lesions  within  the  liver  were  negative  for  ERa  in  all 
samples,  consistent  with  the  lack  of  expression  within 
primary  tumors.  However  in  samples  6  and  8,  metastatic 
lesions  in  the  lungs  of  mice  bearing  primary  tumors 
demonstrated  variable  re-expression  of  ERa,  whereas 
the  normal  lung  tissue  did  not  exhibit  expression  of 
ERa.  Interestingly,  samples  6  and  8  were  derived  from 
patient  biopsies  clinically  diagnosed  as  ERa  positive. 
Previous  clinical  studies  have  reported  differences  in  the 
expression  of  ERa  between  the  primary  patient  tumor 
and  the  metastatic  sites  [54,55]  although  the  underlying 
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mechanisms  to  explain  the  altered  expression  are 
unknown.  These  results  reinforce  the  importance  of  the 
microenvironment  within  the  metastatic  niche  for  influ¬ 
ence  on  the  differentiation  state  of  the  metastasized 
tumor  cells  and  the  expression  of  clinically  relevant 
markers.  The  heterogeneity  of  the  metastatic  cells  within 
the  lung  and  the  liver  implied  plasticity,  whether  innate 
or  induced,  during  the  metastatic  process.  Collectively, 
these  findings  demonstrate  the  complex  integration  of 
extrinsic  and  intrinsic  factors  affecting  the  behavior  and 
phenotype  of  breast  cancer  cells  during  the  metastatic 
process. 

The  present  study  data  demonstrates  a  novel  model 
for  the  study  of  human  breast  cancer  breast  cancer 
metastasis  using  samples  obtained  directly  from  patient 
biopsies.  The  metastatic  phenotype  demonstrated  upon 
injection  of  tumorspheres  into  the  mammary  fat  pad 
permits  the  study  of  all  steps  within  the  metastatic  pro¬ 
cess.  In  particular,  the  development  of  macrometastatic 
lesions  with  organ-specific  phenotypic  distinctions  pro¬ 
vides  a  superior  model  for  the  investigation  of  organ- 
specific  effects  on  metastatic  cancer  cell  survival  and 
growth.  This  model  accurately  recapitulates  the  meta¬ 
static  latency  observed  clinically,  permitting  the  develop¬ 
ment  of  therapeutics  that  target  metastatic  cells  during 
dormancy  prior  to  activation.  Experimental  manipula¬ 
tion  of  the  organ-specific  microenvironment  could 
reveal  molecular  targets  that  are  clinically  accessible  and 
biologically  relevant.  Furthermore,  this  model  can  be 
used  to  develop  improved  methods  for  the  detection  of 
micrometastatic  cells  and  the  prediction  of  metastatic 
disease. 

Conclusions 

Primary  breast  tumor-initiating  cells  can  be  isolated  as 
tumorspheres  under  non-adherent,  serum  free  culture 
conditions  from  patient  core  biopsies  independent  of 
assigned  grade  or  ER/PR/Her2  status.  Isolated  tumor¬ 
spheres  were  tumorigenic  in  NUDE  mice  and  had  the 
capacity  to  metastasize  from  the  primary  site  (i.e.  mam¬ 
mary  fat  pad)  to  distant  organs,  such  as  the  liver,  lung, 
kidney,  brain,  and  femur.  Tumor  cells  at  the  metastatic 
sites  exhibited  organ-specific  phenotypes  that  demon¬ 
strated  plasticity  of  the  metastatic  cells  dependent  upon 
the  organ  microenvironment.  This  study  describes  a 
reproducible  heterotransplant  tumor  model  derived 
from  patient  biopsies  that  provides  a  novel  method  for 
the  comprehensive  study  of  breast  cancer  metastasis 
that  better  recapitulates  the  dormancy,  complexity  and 
heterogeneity  within  human  breast  cancer  metastases. 
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Additional  material 


Additional  file  1:  Figure  SI.  Characterization  of  cell  surface  marker 
expression  of  tumorspheres.  A.  Immunocytochemistry  (ICC)  of 
tumorspheres  prepared  by  formalin  fixation  and  5  pm  paraffin- 
embedded  sections  using  pre-conjugated  antibodies  against  CD44-PE, 
and  CD24-FITC.  ICC  for  ESA-FITC  was  performed  on  tumorspheres 
prepared  by  centrifugation  onto  glass  coverslips  (cytospins). 
Tumorspheres  demonstrate  a  CD44+/CD24low'med/ESA+  cell  surface 
marker  phenotype.  B.  Isotype  matched,  pre-conjugated  IgG  control 
antibody  mixture  (lgGrPE/lgG2a-FITC)  was  used  as  a  negative  control  for 
ICC  200x  magnification  in  all  panels. 

Additional  file  2:  Figure  S2.  MCF-7  and  MDA-MB-231  breast  tumor 
xenografts  used  as  controls  for  IHC.  A-L  IHC  performed  on  5  pm 
paraffin-embedded  sections  of  MCF-7  (A-F)  and  MDA-MB-231  (G-L) 
xenografts  using  rabbit  monoclonal  E-cadherin  antibody  (A+G),  rabbit 
polyclonal  p-catenin  antibody  (B+H),  rabbit  polyclonal  fibronectin 
antibody  (C+l),  rabbit  monoclonal  Her2/ErbB2  antibody  (D+J),  rabbit 
polyclonal  cytokeratin  8  antibody  (E+K),  and  rabbit  monoclonal 
cytokeratin  14  antibody  (F+L).  IHC  results  on  MCF-7  and  MDA-MB-231 
xenograft  sections  were  used  as  positive  and  negative  controls  for  the 
IHC  results  on  tumors  formed  after  injection  of  tumorspheres  in  the 
mammary  fat  pad  (Figure  3).  All  panels  200x  magnification. 

Additional  file  3:  Figure  S3.  Human  nuclear  antigen  (HNA)  staining 
detects  human  cells  at  in  the  primary  tumor  and  at  the  metastatic 
sites.  A.  5  pm  paraffin-embedded  sections  of  MDA-MB-231  breast  tumor 
xenograft  used  as  a  positive  control  for  HNA  (mouse  anti-human  nuclei 
monoclonal  antibody)  staining.  B.  Tumor  sample  matched  negative 
control,  with  the  replacement  of  the  primary  antibody  with  lx  PBS.  C. 
Kidney  isolated  from  a  non-injected  NUDE  mouse,  incubated  with  HNA 
to  demonstrate  human  specificity  with  the  lack  of  nuclear  staining  of  the 
mouse  kidney  cells.  D.  Cells  stain  positive  for  HNA  in  5  pm  paraffin- 
embedded  sections  of  a  tumor  removed  from  the  mammary  fat  pad 
after  injection  of  tumorspheres.  E-F.  HNA  staining  of  5  pm  paraffin- 
embedded  sections  of  metastatic  lesions  in  the  liver  and  lung, 
respectively  confirms  the  human  origin  of  the  lesion,  with  the  majority  of 
nuclei  staining  positive.  All  panels  200x  magnification. 

Additional  file  4:  Figure  S4.  Correlation  between  metastatic  burden 
and  the  time  after  injection  of  tumorspheres  that  mouse  organs 
were  removed.  Graphical  representation  of  the  percent  metastatic 
burden,  previously  calculated  as  described  in  Figure  6,  for  each  tissue  for 
each  sample  as  a  function  of  the  time  the  organs  were  removed  after 
initial  injection  of  tumorspheres  into  the  mammary  fat  pad  (Days  post¬ 
injection).  Values  are  reported  as  mean  +/-  SD. 

Additional  file  5:  Table  SI.  Summary  of  heterogeneous  marker 
expression  between  primary  tumor  (mammary  fat  pad)  and 
metastatic  lesions.  Tabular  representation  of  the  expression  of  E- 
cadherin,  p-catenin,  fibronectin,  and  ERa  between  samples  in  the 
primary  tumor  (mammary  fat  pad),  metastatic  lesions  in  the  lung  and  the 
liver.  Cytoplasmic  localization  is  expressed  as  'cyto'  in  the  table.  'Variable' 
indicates  the  variability  of  staining  within  metastatic  lesions. 
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BCSC:  Breast  cancer  stem  cell;  ER:  Estrogen  receptor;  bTIC:  Breast  tumor- 
initiating  cell;  HBSS:  Hanks  buffered  saline  solution;  BSA:  Bovine  serum 
albumin;  EGF:  Epidermal  growth  factor;  bFGF:  Basic  fibroblast  growth  factor; 
ESA:  Epithelial  specific  antigen;  PBS:  Phosphate  buffered  saline;  IHC: 
Immunohistochemistry;  IDC:  Invasive  ductal  carcinoma;  H&E:  Hematoxylin 
and  eosin;  TUNEL:  Terminal  deoxynucleotidyl  transferase  (TdT)-  mediated 
dUTP  nick  end  labeling;  ALDH:  Aldehyde  dehydrogenase;  HNA:  Human 
nuclear  antigen;  EMT:  Epithelial  to  mesenchymal  transition;  ECM:  Extracellular 
matrix. 
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Abstract 

Background:  Disseminated  tumor  cells  (DTCs)  in  the  bone  marrow  may  exist  in  a  dormant  state  for  extended  periods  of 
time,  maintaining  the  ability  to  proliferate  upon  activation,  engraft  at  new  sites,  and  form  detectable  metastases.  However, 
understanding  of  the  behavior  and  biology  of  dormant  breast  cancer  cells  in  the  bone  marrow  niche  remains  limited,  as  well 
as  their  potential  involvement  in  tumor  recurrence  and  metastasis.  Therefore,  the  purpose  of  this  study  was  to  investigate 
the  tumorigenicity  and  metastatic  potential  of  dormant  disseminated  breast  cancer  cells  (prior  to  activation)  in  the  bone 
marrow. 

Methodology/Principal  Findings:  Total  bone  marrow,  isolated  from  mice  previously  injected  with  tumorspheres  into  the 
mammary  fat  pad,  was  injected  into  the  mammary  fat  pad  of  NUDE  mice.  As  a  negative  control,  bone  marrow  isolated  from 
non-injected  mice  was  injected  into  the  mammary  fat  pad  of  NUDE  mice.  The  resultant  tumors  were  analyzed  by 
immunohistochemistry  for  expression  of  epithelial  and  mesenchymal  markers.  Mouse  lungs,  livers,  and  kidneys  were 
analyzed  by  H+E  staining  to  detect  metastases.  The  injection  of  bone  marrow  isolated  from  mice  previously  injected  with 
tumorspheres  into  the  mammary  fat  pad,  resulted  in  large  tumor  formation  in  the  mammary  fat  pad  2  months  post¬ 
injection.  However,  the  injection  of  bone  marrow  isolated  from  non-injected  mice  did  not  result  in  tumor  formation  in  the 
mammary  fat  pad.  The  DTC-derived  tumors  exhibited  accelerated  development  of  metastatic  lesions  within  the  lung,  liver 
and  kidney.  The  resultant  tumors  and  the  majority  of  metastatic  lesions  within  the  lung  and  liver  exhibited  a  mesenchymal- 
like  phenotype. 

Conclusions/Significance:  Dormant  DTCs  within  the  bone  marrow  are  highly  malignant  upon  injection  into  the  mammary 
fat  pad,  with  the  accelerated  development  of  metastatic  lesions  within  the  lung,  liver  and  kidney.  These  results  suggest  the 
acquisition  of  a  more  aggressive  phenotype  of  DTCs  during  metastatic  latency  within  the  bone  marrow  microenvironment. 
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Introduction 

Once  considered  the  final  step  during  cancer  progression,  recent 
evidence  implicates  metastasis  as  an  early  event  in  breast  cancer 
[1—4].  Disseminated  tumor  cells  (DTCs)  may  be  present  at  distant 
sites  at  the  time  of  primary  diagnosis  of  breast  cancer  in  patients 
that  exhibit  no  outward  signs  of  clinical  metastases.  As  a 
preferential  site  of  metastasis  for  breast  cancer  [5],  the  detection 
of  DTCs  in  the  bone  of  breast  cancer  patients  has  become  an 
important  prognostic  tool.  It  is  estimated  that  DTCs  can  be 
detected  in  the  bone  marrow  for  up  to  40%  of  breast  cancer 
patients  using  the  current  detection  technology  [6,7].  As  a  strong 
independent  prognosticator,  patients  with  DTCs  in  the  bone 
marrow  have  an  overall  worse  prognosis,  as  well  as  a  higher 


propensity  for  local  and  distant  relapse,  compared  to  patients 
without  DTCs  in  the  bone  marrow  [8—10].  Despite  the  clinical 
significance  of  DTCs  in  the  bone  marrow,  the  biological  relevance 
remains  controversial  [11]. 

Although  DTCs  can  be  detected  in  the  bone  marrow  of  early 
breast  cancer  patients,  clinical  manifestation  of  bone  metastasis 
and/or  recurrence  often  does  not  emerge  for  years  or  even 
decades  after  initial  diagnosis  [4,12].  The  lag  time  between 
detection  of  DTCs  and  manifestation  of  disease  indicates  the  cells 
have  become  dormant,  persisting  as  viable  but  non-proliferating 
cells  [4,13,14].  The  mechanisms  by  which  the  cells  enter  a 
dormant  state  can  be  intrinsic,  a  result  of  genetic  and/ or 
epigenetic  modifications,  or  as  a  consequence  of  the  microenvi¬ 
ronment  in  which  the  cells  reside  [15].  Studies  have  shown 
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significantly  less  chromosomal  aberrations  in  DTCs  in  the  bone 
marrow  as  compared  to  cells  in  the  primary  tumor  [1,3,16] 
suggesting  DTCs  have  not  acquired  the  necessary  genetic 
alterations  to  overcome  growth  restraints.  However,  early  DTCs 
have  also  been  shown  to  be  genomically  very  unstable  [17,18]. 
These  conflicting  reports  concerning  the  intrinsic  properties  of 
DTCs  indicates  it  is  unlikely  intrinsic  mechanisms  alone  can 
account  for  the  long  dormancy  periods  observed  by  DTCs  in  the 
bone  marrow.  Alternatively,  the  bone  marrow  microenvironment 
has  been  implicated  as  a  supportive  niche  for  the  existence  of 
disseminated  breast  cancer  cells  in  a  dormant  state  [19,20].  Breast 
cancer  cells  localized  close  to  the  endosteum,  the  interface  of  bone 
and  marrow  which  serves  as  a  supportive  niche  for  hematopoietic 
stem  cells  and  a  frequent  site  of  cancer  cell  dissemination,  were 
shown  to  have  long  doubling  times  suggesting  a  possible  quiescent 
state  [21].  Intercellular  communication  through  gap  junctions 
between  breast  cancer  cells  and  the  bone  marrow  stroma  close  to 
the  endosteum  has  recently  been  suggested  to  play  a  role  in  the 
maintenance  of  a  dormant  state  [22].  Furthermore,  in  vitro  studies 
have  demonstrated  an  inhibitory  effect  on  proliferation  and 
acquisition  of  an  invasive  mesenchymal  phenotype  of  breast 
cancer  cells  upon  co-culture  with  bone  marrow  stroma  isolated 
from  breast  cancer  patients  [15].  These  findings  illustrate  the 
significance  of  the  cellular  interactions  within  the  bone  marrow 
microenvironment  and  the  subsequent  effects  on  the  phenotype  of 
disseminated  breast  cancer  cells. 

Recent  reports  have  presented  data  supporting  the  bi-direc¬ 
tional  flow  of  DTCs,  demonstrating  targeted  homing  of  DTCs  to 
tumors  present  in  the  mammary  fat  pad  and  accelerated  tumor 
progression  upon  colonization  by  the  DTCs  [23,24].  The  early 
detection  and  persistence  of  DTCs  in  the  bone  marrow  of  breast 
cancer  patients  signifies  the  bone  marrow  microenvironment  may 
function  as  a  reservoir  for  DTCs  [11].  It  is  highly  probable  that 
cancer  cells  within  the  bone  marrow  microenvironment  will  re¬ 
enter  the  circulation,  disseminating  to  other  organs  or  back  to  the 
primary  site  of  tumor  formation.  Therefore  DTCs  in  the  bone 
marrow  not  only  pose  a  threat  to  the  development  of  metastatic 
lesions  in  the  bone,  but  may  also  contribute  to  the  development  of 
metastases  at  other  sites  as  well  as  tumor  progression  and/or 
recurrence  at  the  primary  site. 

Although  implicated  in  recurrence  at  the  primary  site  of  tumor 
formation  and  the  development  of  metastatic  disease,  the 
malignant  potential  of  dormant  breast  cancer  cells  residing  in 
the  bone  marrow  remains  undetermined.  We  previously  reported 
detection  of  early  disseminated  human  breast  cancer  cells  by 
measuring  human  DNA  in  the  bone  marrow  of  mice  that 
harbored  mammary  fat  pad  tumors  derived  from  injection  with 
primary  tumorspheres  isolated  from  patient  core  biopsies.  These 
early  disseminated  breast  cancer  cells  were  detected  prior  to  the 
development  of  metastatic  lesions  that  were  detected  by  H+E 
staining  for  up  to  12  months  post-injections  [25].  These  findings 
prompted  further  investigation  into  the  tumorigenicity  and 
metastatic  potential  of  DTCs  within  the  bone  marrow.  Herein, 
we  demonstrate  a  malignant  and  aggressive  metastatic  phenotype 
of  dormant  breast  cancer  cells  isolated  from  the  bone  marrow  of 
mice.  These  data  offer  compelling  evidence  that  supports  the 
crucial  role  of  the  bone  marrow  microenvironment  in  both  the 
maintenance  of  dormancy  and  the  conversion  of  breast  cancer 
cells  to  a  more  aggressive  and  rapid  growth  phenotype  once  cells 
have  exited  the  bone  microenvironment. 


Materials  and  Methods 

Cell  Culture 

Tumorspheres  were  isolated  using  a  procedure  previously 
described  by  this  laboratory  [26]  and  derived  from  Dontu  et  al. 
[27].  Briefly,  breast  cancer  needle  biopsies  from  primary  tumors 
were  obtained  during  the  routine  care  of  patients  with  consent  and 
Tulane  IRB  approved  protocol  (IRB  #  07-00042).  Tissues  were 
mechanically  and  enzymatically  dissociated  then  sequentially 
filtered  through  a  100  pm  and  40  pm  pore  filter  (Fisher).  After 
washes  with  1XPBS,  the  cell  pellet  was  resuspended  in  DMEM/ 
FI 2  media  containing  lx  B-27  serum-free  supplement  (Invitro- 
gen),  0.4%  bovine  serum  albumin  (BSA)  (Sigma),  20  ng/ml 
epidermal  growth  factor  (EGF)  (Sigma),  10  ng/ml  basic  fibroblast 
growth  factor  (bFGF)  (Sigma),  4  ug/ml  insulin,  human  recombi¬ 
nant  (Sigma),  and  penicillin  (100  U /ml) /streptomycin  (100  U/ml) 
and  cultured  in  a  100  mm2  ultra  low  attachment  plate  (Corning). 
Cells  were  cultured  for  10-14  days  to  allow  tumorsphere 
formation.  Cells  were  pelleted  every  3  days  by  centrifugation  at 
300  Xg  for  10  min.  and  resuspended  in  complete  DMEM/F12 
media  supplemented  with  fresh  EGF  and  bFGF. 

Animal  experiments 

Immunodeficient  Nu/Nu  female  mice  were  purchased  from 
Charles  River  Laboratories  (US).  Mice  were  25—35  days  of  age  at 
time  of  injection.  All  experiments  were  performed  under  approved 
Tulane  IACUC  protocol  (IAGUG  #  2941  R-D).  Cold  1XPBS  and 
a  27  gauge  syringe  was  used  to  flush  bone  marrow  from  the  femurs 
of  mice  previously  injected  with  tumorspheres  isolated  from 
samples  5-9  into  the  mammary  fat  pad.  Bone  marrow  was  flushed 
from  non-injected  age-matched  mice  and  injected  into  the 
mammary  fat  pad  as  a  negative  control.  The  flushed  bone  marrow 
was  washed  twice  in  cold  1XPBS.  To  perform  a  cell  count,  an 
aliquot  of  the  isolated  bone  marrow  was  combined  in  a  1:1  ratio 
with  0.4%  trypan  blue  stain  (BioWhittaker)  and  loaded  onto  a 
hemocytometer.  Immediately  before  injection,  the  bone  marrow 
was  combined  with  100  pi  BD  Matrigel  Basement  Membrane 
matrix  (BD  Biosciences).  Mice  were  anesthetized  by  i.p.  injection 
of  0.3  ml  of  a  ketamine  solution.  Cell  suspensions  were  injected 
bilaterally  into  the  third  mammary  fat  pad.  Mice  were  monitored 
weekly  for  tumor  formation  by  caliper  measurement  and  for  body 
weight  for  up  to  twelve  months.  If  no  weight  loss  or  other 
indications  of  declining  health  were  observed,  animals  were 
euthanized  twelve  months  post  injection. 

Hematoxylin  and  Eosin  (H+E)  Staining 

Tissues  were  collected  and  placed  in  10%  neutral  buffered 
formalin  (Fisher)  equal  to  20  times  the  tissue  volume.  Tissues  were 
incubated  overnight  at  room  temperature  and  then  processed  by 
standard  formalin  fixation,  paraffin  embedding  and  sectioning  by 
The  Center  for  Gene  Therapy  Histology  Core  Facility,  Tulane 
University  Health  Sciences  Center.  5  pm  sections  were  depar- 
affinized  and  rehydrated  in  a  graded  series  of  ethanol  solutions, 
from  100%  to  75%.  Sections  were  then  stained  using  Gill’s 
Hematoxylin  and  Eosin  (Poly  Scientific)  followed  by  dehydration 
through  a  graded  series  of  ethanol  solutions  from  75%  to  100%. 
Image  J  software  was  used  to  quantify  the  metastatic  burden 
within  the  tissues  analyzed.  To  calculate  the  metastatic  burden 
present  in  the  mouse  organs,  the  number  of  pixels  within  the 
defined  area  of  the  metastatic  lesion/ s  was  determined  (x  pixels). 
Next,  the  total  number  of  pixels  within  the  field  of  view  was 
determined  (y  pixels).  The  metastatic  burden  within  the  field  of 
view  was  then  calculated  by  dividing  the  pixels  present  in  the 
metastatic  lesion/ s  by  the  total  pixels  comprising  the  field  of  view 
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then  multiplying  by  100  [(x  pixels/y  pixels)*  100]  resulting  in  a 
percent  metastatic  burden.  The  average  of  five  fields  of  view  (100  x 
magnification)  was  used  to  determine  metastatic  burden  present  in 
each  organ  analyzed. 

Immunohistochemistry  (IHC)  of  tumors  and  mouse  tissue 

For  IHC,  tissues  were  collected  and  placed  in  10%  neutral 
buffered  formalin  equal  to  20  times  the  tissue  volume  (Fisher). 
Tissues  were  incubated  overnight  at  room  temperature  and  then 
processed  by  standard  formalin  fixation,  paraffin  embedding  and 
sectioning  by  The  Center  for  Gene  Therapy  Histology  Core 
Facility.  IHC  was  performed  using  the  Vectastain  staining  kit 
(anti-rabbit,  PK6101;  anti-mouse  PK6102,  Vector  Laboratories). 
Briefly,  5  pm  sections  were  rehydrated  (as  described  above) 
followed  by  heat-induced,  epitope  retrieval  performed  in  a 
pressure  cooker  for  25  min.  in  Tris  Buffer,  pH  9  (Biocare 
Medical).  To  inactivate  endogenous  peroxide,  slides  were  incu¬ 
bated  in  0.3%  hydrogen  peroxide  followed  by  a  10  minute  wash  in 
dH20  then  washed  3x3  min.  each  in  PBS.  Sections  were 
incubated  in  blocking  buffer  (10%  normal  goat  serum  diluted  in 
PBS)  for  30  min.  at  room  temp  and  subsequently  incubated 
overnight  at  4°C  with  primary  antibody  diluted  in  blocking  buffer. 
Primary  monoclonal  antibodies  used  were  E-cadherin  (24E10, 
Cell  Signaling),  estrogen  receptor  oc  (SP1,  Thermo  Scientific),  and 
anti-human  Human  Nuclear  Antigen  (HNA)  (MAB1281,  Chemi- 
con).  Primary  polyclonal  antibodies  used  were  (3-catenin  (9563, 
Cell  Signaling)  and  fibronectin  (ab2413,  Abeam).  The  HNA 
antibody  was  human  specific.  Antibodies  for  E-cadherin,  estrogen 
receptor  a,  (3-catenin  and  fibronectin  were  cross-reactive  with 
human  and  mouse  proteins.  The  following  day,  sections  were 
washed  2x5  min.  in  PBS-T.  Biotinylated  secondary  antibody  was 
added  to  the  sections  for  an  incubation  period  of  30  min,  followed 
by  2x5  min.  washes  in  PBS-T.  Strep tavidin/bio tin  HRP-conju- 
gate  was  added  to  the  sections  for  an  incubation  period  of  30  min. 
at  room  temperature  followed  by  2  x5  min.  washes  in  PBS-T.  The 
signal  was  developed  for  a  time  that  did  not  exceed  2  minutes 
using  the  Vector  DAB  substrate  kit,  according  to  the  manufac¬ 
turers’  instructions.  Sections  were  dehydrated  (as  described  above) 
and  mounted  using  Permount  (Fisher).  Staining  was  visualized 
using  a  bright  field  microscope  and  IP  lab  software. 

Results 

Tumorigenicity  of  disseminated  cancer  cells  in  the  bone 
marrow  of  mice  previously  injected  with  tumorspheres 
into  the  mammary  fat  pad 

Our  previous  study  used  tumorspheres  derived  directly  from 
breast  cancer  patient  needle  biopsies  to  establish  primary  tumors 
in  the  mammary  fat  pad  of  nude  mice  [28].  Two  months  post¬ 
injection  of  tumorspheres,  human  cancer  cells  were  detected  in  the 
bone  marrow  of  mice  without  the  development  of  detectable 
metastatic  lesions  by  H+E  staining  up  to  12  months  post-injection 
[25],  suggesting  the  disseminated  breast  cancer  cells  persisted  in  a 
dormant  state  in  the  bone  marrow  microenvironment.  However, 
the  viability  and  tumorigenicity  of  the  disseminated  breast  cancer 
cells  detected  in  the  bone  marrow  remained  undetermined. 
Therefore,  the  purpose  of  this  study  was  to  determine  the 
malignant  and  metastatic  potential  of  the  disseminated  cancer 
cells  within  the  bone  marrow  upon  injection  into  the  mammary  fat 
pad. 

Tumorspheres  isolated  from  patient  biopsy  samples  5-9  formed 
small,  palpable  tumors  upon  injection  of  <5xl03  cells  into  the 
mammary  fat  pad.  These  tumors  metastasized  to  the  bone  (femur), 
as  detected  by  PCR  for  human-specific  chromosome  17,  however 
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did  not  result  in  the  development  of  macrometastatic  lesions  up  to 
12  months  post-injection  [25].  Total  bone  marrow  was  flushed 
from  the  femurs  of  mice  that  were  injected  with  tumorspheres 
isolated  from  patient  core  biopsy  sample  5—9  into  the  mammary 
fat  pad  8—10  months  prior.  12.5  xlO6  total  bone  marrow  cells 
(containing  normal  mouse  bone  marrow  cells  and  human 
metastatic  breast  cancer  cells)  were  injected  into  the  mammary 
fat  pad  of  NUDE  mice  (Figure  1A).  Injection  of  12.5xl06  total 
bone  marrow  cells  from  these  femurs  into  the  mammary  fat  pads 
of  mice  [referred  to  as  sample  5,  6,  7,  8  or  9  BM  (Bone  Marrow)] 
resulted  in  the  formation  of  large  tumors  in  the  mammary  fat  pad 
2  months  post- injection  (Figure  IB,  D).  Injection  of  12.5  x  106  total 
bone  marrow  cells  isolated  from  non-tumor  bearing  mice  did  not 
result  in  tumor  formation  in  the  mammary  fat  pad  (Figure  1C).  To 
determine  whether  normal  mouse  bone  marrow  cells  affected 
tumor  formation  by  tumorspheres,  12.5 xlO6  bone  marrow  cells 
from  non-tumor  bearing  mice  were  co-injected  with  sample  5—9 
tumorspheres  that  were  previously  shown  to  form  small,  palpable 
tumors  [25].  Co-injection  of  normal  mouse  bone  marrow  cells 
with  sample  5—9  tumorspheres  did  not  affect  primary  tumor  size 
(data  not  shown).  Positive  staining  for  HNA  on  5  pm  paraffin- 
embedded  sections  of  BM-derived  tumors  (representative  micro¬ 
graph  of  positive  HNA  staining  of  sample  5  BM  tumor,  Figure  IE) 
demonstrated  that  the  majority  of  cells  within  the  tumors  were  of 
human  origin.  Control  sections  of  5  pm  paraffin-embedded  mouse 
kidney  from  a  non-tumor  bearing  mouse  did  not  exhibit  positive 
HNA  staining  (Figure  IF),  whereas  5  pm  paraffin-embedded 
sections  of  a  human  MCF-7  xenograft  tumor  exhibited  positive 
HNA  staining  (Figure  1G)  demonstrating  the  human  specificity  of 
the  HNA  antibody.  In  addition  to  being  highly  tumorigenic, 
samples  5-9  BM  also  exhibited  metastatic  potential  with 
metastatic  lesions  detected  in  the  lung  and  liver  for  sample  5,  7, 
and  8  BM,  metastatic  lesions  detected  in  the  lung  only  for  sample  6 
BM,  and  metastatic  lesions  detected  in  the  liver  only  for  sample  9 
BM  (Figure  ID).  These  data  demonstrate  that  dormant  metastatic 
breast  cancer  cells  in  the  bone  marrow  were  highly  tumorigenic 
upon  transplantation  into  the  mammary  fat  pad,  forming  tumors 
that  were  significantly  larger  than  tumors  formed  by  injection  of 
tumorspheres  isolated  from  the  original  patient  biopsies. 

The  tumors  formed  from  the  DTCs  present  in  the  injected  bone 
marrow  consisted  of  small  tumor  cells  with  pleomorphic  nuclei 
that  did  not  exhibit  tubule  formation  (Figure  2A,  B,  C,  D,  E). 
Using  IHC,  various  markers  were  evaluated  to  demonstrate  the 
relative  epithelial  and  mesenchymal  features  of  the  tumors.  The 
cell  adherens  junction  protein  E-cadherin  is  normally  expressed  in 
the  membrane  of  differentiated  epithelial  cells  and  more  differen¬ 
tiated  breast  cancer  cells.  (3-catenin,  a  central  mediator  of  the 
WNT  signaling  pathway,  binds  to  E-cadherin  at  the  membrane  in 
conjunction  with  a  complex  of  proteins  connecting  the  adherens 
junction  to  components  of  the  cytoskeleton  [29,30].  In  the  absence 
of  membrane  E-cadherin,  (3-catenin  is  either  rapidly  degraded  or 
can  translocate  to  the  nucleus  upon  activation  of  WNT  signaling. 
A  low  level  of  E-cadherin  expression  was  variably  detected  in  the 
nucleus  in  sample  5,  6  and  9  BM  tumors  (Figure  2F,G,and  J  inset, 
arrow),  and  no  E-cadherin  expression  was  detected  in  sample  7 
and  8  BM  tumors  (Figure  2H  and  I).  (3-catenin  expression  was 
variably  detected  in  the  membrane  and  nucleus  of  sample  5,6,  8 
and  9  BM  tumors  (Figure  2K,  F,  N,  O  inset,  arrow),  with  no 
expression  detected  in  sample  7  BM  tumors  (Figure  2M). 
Fibronectin  expression  was  detected  in  sample  5-9  BM 
(Figure  2P,  Q,  R,  S,  T).  Sample  5-9  BM  were  negative  for 
estrogen  receptor  alpha  (ERoc)  (data  not  shown).  These  data 
demonstrate  that  the  tumors  derived  from  dormant  metastatic 
breast  cancer  cells  in  the  bone  marrow  exhibited  a  mesenchymal- 

November  2012  |  Volume  7  |  Issue  11  |  e47587 


Phenotypic  Changes  during  Metastatic  Latency 


A.  Disseminated  breast  cancer  cells  in  the  bone  marrow  are  highly  tumorigenic  and  metastatic 
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Figure  1 .  Tumor  formation  in  the  mammary  fat  pad  upon  injection  of  total  bone  marrow  aspirates  isolated  from  femurs  containing 
metastatic  tumor  cells.  A.  Experimental  design  to  determine  the  tumorigenicity  of  disseminated  human  cancer  cells  in  the  bone  marrow  of  mice 
previously  injected  with  tumorspheres  into  the  mammary  fat  pad.  Bone  marrow,  aspirated  from  femurs  of  mice  previously  injected  with 
tumorspheres  into  the  mammary  fat  pad,  was  injected  into  the  mammary  fat  pad  of  NUDE  mice  to  determine  the  tumor-forming  ability  of  dormant 
cancer  cells  in  the  bone  marrow.  B.  Injection  of  12.5x106  cells/pad  aspirated  from  the  femurs  of  mice  injected  with  tumorspheres  resulted  in  large 
tumor  formation  in  the  mammary  fat  pad  two  months  post-injection.  C.  Injection  of  12.5x106  cells/pad  aspirated  from  the  femurs  of  non-injected 
mice  resulted  in  no  tumor  formation  in  the  mammary  fat  pad  three  months  post  injection.  D.  Summary  of  tumor  formation  and  metastasis  for  sample 
5-9  BM,  including  ER/PR/Her2  status  of  patients  samples  from  which  the  parental  tumorspheres  were  first  derived.  E.  Representative  positive  HNA 
staining  of  5  jim  paraffin-embedded  sections  of  sample  5  BM  tumors  demonstrated  the  presence  of  human  cells.  F.  No  positive  nuclear  HNA  staining 
of  5  gm  paraffin-embedded  sections  of  mouse  kidney  from  non-tumor  bearing  mouse  (negative  control).  G.  Positive  HNA  staining  of  5  pm  paraffin- 
embedded  sections  of  a  human  MCF-7  xenograft  (positive  control).  200 x  magnification  in  all  panels. 
doi:1 0.1 371/journal.pone.0047587.g001 


like  phenotype  when  transplanted  into  the  mammary  fat  pad  of 
NUDE  mice. 

Metastatic  potential  of  disseminated  cancer  cells  in  the 
bone  marrow  upon  injection  into  the  mammary  fat  pad 

Paraffin-embedded  sections  of  lungs,  kidneys,  and  livers  were 
prepared  from  animals  bearing  primary  tumors  from  sample  5—9 
BM  to  determine  the  metastatic  potential  of  the  cells.  Animals 
were  euthanized  for  the  collection  of  organs  on  the  basis  of  tumor 
burden  present  in  the  mammary  fat  pad  and/ or  declining  health. 
Metastatic  lesions  were  detected  by  H+E  in  the  lung  for  sample  5— 
8  BM  (Figure  3A,  B,  C,  D,  respectively),  in  the  liver  for  sample  5, 
7-9  BM  (Figure  4A,  B,  C,  D,  respectively),  and  in  the  kidney  for 


sample  5-9  BM  (data  not  shown).  Nuclear  E-cadherin  was 
detected  in  the  metastatic  lesions  of  the  lungs  of  sample  5,  7  and  8 
BM  (Figure  3E,  G,  H,  respectively),  however  E-cadherin  was 
detected  predominantly  in  the  membrane  in  metastatic  lesions  in 
the  lung  of  sample  6  BM  (Figure  3F).  Metastatic  lesions  in  the  lung 
for  sample  5  and  6  BM  exhibited  variable  expression  of  (3-catenin 
in  the  membrane  and  in  the  nucleus  (Figure  31  and  J,  respectively), 
whereas  metastatic  lesions  in  the  lung  for  sample  7  and  8  BM 
demonstrated  variable  nuclear  expression  only  of  (3-catenin 
(Figure  3K  and  F,  respectively).  E-cadherin  was  detected  in  the 
membrane  of  metastatic  cells  in  the  liver  of  sample  5  and  8  BM 
(4E  and  G,  respectively);  in  contrast  no  E-cadherin  expression  was 
detected  in  liver  metastatic  lesions  of  sample  9  BM  (Figure  4H). 
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Figure  2.  Expression  of  markers  for  epithelial  and  mesenchymal  lineages  in  tumor  samples.  A-E.  H+E  staining  of  tumors  formed  in  the 
mammary  fat  pad  upon  injection  of  bone  marrow  aspirated  from  the  femurs  of  mice  injected  with  tumorspheres  isolated  from  samples  5-9  BM, 
respectively.  F-T.  Representative  IHC  demonstrating  patterns  of  expression  of  E-cadherin  (F-J),  p-catenin  (K-O),  and  fibronectin  (P-T)  in  sample  5-9 
BM  tumors.  200  x  magnification  in  all  panels. 
doi:1 0.1 371 /journal. pone.0047587.g002 


The  majority  of  metastatic  cells  in  the  liver  for  sample  7  BM 
demonstrated  nuclear  E-cadherin  expression  (Figure  4F),  however 
E-cadherin  was  detected  in  the  membrane  of  a  small  population  of 
metastatic  cells  as  well  (data  not  shown).  In  conjunction  with  the 
detection  of  E-cadherin  in  the  membrane,  metastatic  cells  in  the 
liver  for  sample  5  and  8  BM  exhibited  variable  P-catenin 
expression  in  the  membrane  (Figure  41  and  K,  respectively). 
However,  P-catenin  expression  was  not  detected  in  the  metastatic 
cells  in  the  liver  for  sample  7  and  9  BM  (Figure  4J  and  L, 
respectively).  Fibronectin  expression  was  detected  in  metastatic 
lesions  in  the  lung  for  sample  5-7,  and  9  BM  and  metastatic 
lesions  in  the  liver  for  sample  5,  7—9  BM  (data  not  shown).  These 
data  indicate  that  the  metastatic  cells  within  the  liver  for  sample  5 
and  8  BM  exhibited  an  epithelial-like  phenotype,  however 
metastatic  cells  for  sample  5,  7  and  8  BM  in  the  lung  and  sample 
7  and  9  BM  in  the  liver  maintained  a  mesenchymal-like  phenotype 
similarly  to  that  observed  within  the  primary  tumors  in  the 
mammary  fat  pad. 

Organ  tropism  of  the  metastatic  cells  and  the  metastatic 
burden  within  the  mouse  organs 

A  comprehensive  analysis  of  metastasis  was  performed  at  the 
time  of  necropsy  (upon  excessive  tumor  burden  and/ or  moribund 
condition)  to  compare  tropism  of  each  sample  to  different  organs 
and  quantify  the  relative  metastatic  burden  within  each  organ  for 
each  sample  as  a  measure  of  the  ability  of  metastatic  cells  to 


colonize  organ  sites  with  outgrowth  into  larger  lesions.  It  is  likely 
that  metastatic  lesions  were  present  prior  to  termination  of  the 
experiments.  Future  experiments  will  remove  organs  at  various 
time  intervals  post-injection  to  determine  the  time  to  development 
of  metastatic  lesions  in  various  organs.  To  determine  differences  in 
tissue-specific  tropism  between  samples,  the  number  of  each  organ 
with  detectable  metastases  by  H+E  staining  (lung,  kidney  and  liver) 
was  counted  without  regard  to  size  of  the  metastatic  lesion.  The 
metastatic  burden  within  each  organ  was  then  quantified  as 
described  in  the  material  and  methods.  The  number  (n)  of  lungs, 
kidneys  and  livers  analyzed  for  each  sample  is  indicated  in 
Figure  5. 

The  tissue-specific  tropism  (without  regard  to  the  size  of  the 
metastatic  lesions)  was  comparable  between  sample  5-9  BM  (data 
not  shown).  Sample  5—9  BM  exhibited  greater  metastatic  burden 
within  the  lung  and  liver  as  compared  to  the  kidney,  with  the 
overall  largest  metastatic  burden  detected  in  the  lung  (Figure  5 A). 
In  comparison  to  their  parental  cell  population  (tumorspheres 
isolated  from  patient  core  biopsies)  for  which  the  average 
metastatic  burden  measured  for  sample  5—9  was  below  20%,  the 
DTC -derived  metastatic  lesions  in  the  lung  and  the  liver  exhibited 
a  higher  metastatic  burden  with  an  average  metastatic  burden  of 
35%  in  the  lung  and  25%  in  the  liver.  The  majority  of  metastatic 
lesions  were  detected  between  50—150  days  post- injection  of  bone 
marrow  into  the  mammary  fat  pad  for  sample  5—9  BM  (Figure  5B). 
In  comparison  to  the  metastatic  phenotype  demonstrated  by 
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Figure  3.  Metastatic  lesions  in  the  lungs  of  mice  bearing  mammary  fat  pad  tumors  that  were  derived  from  transplantation  of  bone 
marrow  aspirate  containing  metastatic  tumor  cells.  A-D.  H+E  staining  performed  on  5  jam  paraffin-embedded  sections  of  lung  from  sample 
5-8  BM  illustrates  metastatic  lesions.  Metastatic  lesions  indicated  by  £;  normal  mouse  tissue  indicated  by  §.  lOOx  magnification.  E-H.  IHC  performed 
on  5  |im  paraffin-embedded  sections  of  lung  from  sample  5-8  BM  using  a  monoclonal  antibody  to  E-cadherin.  I-L.  IHC  performed  on  5  pm  paraffin- 
embedded  sections  of  lung  from  sample  5-8  BM  using  a  polyclonal  antibody  to  (3-catenin. 
doi:1 0.1 371  /journal,  pone.0047587.g003 


sample  5—9  tumors  derived  from  tumorspheres  isolated  from 
patient  biopsies  [25],  sample  5-9  BM  had  a  similar  overall 
metastatic  phenotype  however  exhibited  an  accelerated  develop¬ 
ment  of  large  metastatic  lesions. 

Discussion 

The  bone  microenvironment  has  long  been  considered  to  play 
an  important  role  in  the  dormancy  of  disseminated  breast  cancer 
cells  [11,15,31,32].  However,  low  numbers  of  disseminated  cells 
and  inaccessibility  has  hindered  studies  aimed  at  elucidating  the 
cellular  and  molecular  mechanisms  contributing  to  dormancy  of 
cancer  cells  residing  in  the  bone  marrow  microenvironment. 
Presented  in  this  study  is  the  first  evidence  of  the  malignant 
potential  of  dormant  breast  cancer  cells  in  the  bone  marrow  that 
had  metastasized  from  a  primary  tumor  in  the  mammary  fat  pad 
derived  from  primary  bTICs.  The  absence  or  low  expression  of 
epithelial  markers,  including  E-cadherin  and  (3-catenin,  and  the 
elevated  expression  of  fibronectin  within  the  tumors  indicated  that 
the  cells  adopted  a  more  mesenchymal  phenotype.  However, 
changes  in  the  expression  patterns  of  E-cadherin  and  (3-catenin 
within  metastatic  lesions  present  in  the  lung  and  liver  suggested 
that  the  cells  retained  a  level  of  plasticity,  enabling  adaptation  and 
survival  at  the  distant  sites  of  metastasis.  The  injection  of  dormant 
disseminated  breast  cancer  cells  present  in  the  bone  marrow 
resulted  in  the  formation  of  larger  primary  tumors  in  the 
mammary  fat  pad,  and  accelerated  development  (up  to  300  days 


earlier)  of  large  metastatic  lesions  within  the  lung,  liver  and  kidney 
as  compared  to  their  “parental”  tumorsphere  cell  population  that 
were  derived  directly  from  patient  biopsies  [25].  Taken  together, 
these  data  demonstrate  that  dormant  human  breast  cancer  cells 
residing  in  the  bone  marrow  microenvironment  exhibit  a  highly 
malignant  and  aggressive  metastatic  phenotype  when  removed 
from  the  bone  and  transplanted  into  the  mammary  fat  pad  of 
NUDE  mice. 

In  our  previous  study,  we  demonstrated  the  formation  of  small 
tumors  in  the  mammary  fat  pad  upon  the  injection  of  tumor- 
spheres  isolated  directly  from  patient  core  biopsies  [25].  The 
tumors  became  palpable  3  months  post-injection  and  maintained  a 
volume  of  about  100  mm3  for  up  to  12  months  post-injection. 
From  these  small  tumors,  cells  disseminated  to  the  bone  (femur) 
and  entered  a  state  of  dormancy  for  up  to  12  months  post¬ 
injection,  with  a  small  number  of  cells  detected  by  PCR  for  human 
chromosome  17,  but  without  the  development  of  larger  metastatic 
lesions  that  could  be  detected  by  H+E  staining.  Taking  into 
consideration  the  malignant  capacity  of  the  “parental”  population 
of  cells  within  the  tumorspheres,  and  the  dormant  state  of  cells 
within  the  bone  marrow,  it  is  remarkable  that  injection  of  bone 
marrow  containing  a  small  population  of  disseminated  cancer  cells 
into  the  mammary  fat  pad  resulted  in  the  formation  of  large 
tumors  within  2  months  post-injection.  The  aggressive  malignant 
phenotype  exhibited  by  dormant  tumor  cells  in  bone  marrow 
highlights  the  importance  of  the  biological  changes  occurring 
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Figure  4.  Metastatic  lesions  in  the  livers  of  mice  bearing  mammary  fat  pad  tumors  that  were  derived  from  transplantation  of  bone 
marrow  aspirate  containing  metastatic  tumor  cells.  A-D.  H+E  staining  performed  on  5  jim  paraffin-embedded  sections  of  liver  from  sample 
5-7,  and  9  BM  illustrates  metastatic  lesions.  Lesion  indicated  by  £;  normal  tissue  indicated  by  §.  lOOx  magnification.  E-H.  IHC  performed  on  5  gm 
paraffin-embedded  sections  of  liver  from  sample  5-7,  and  9  BM  using  a  monoclonal  antibody  to  E-cadherin.  I-L.  IHC  performed  on  5  jam  paraffin- 
embedded  sections  of  liver  from  sample  5-7,  and  9  BM  using  a  polyclonal  antibody  to  (3-catenin. 
doi:1 0.1 371 /journal. pone.0047587.g004 


during  metastatic  latency,  indicating  that  dormancy  is  not  static 
but  rather  the  cells  are  continuously  responding  and  adapting  to 


signals  within  the  microenvironment.  Comparing  the  gene 
expression  profiles  of  the  tumorsphere-derived  tumors  and  BM 
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Figure  5.  Metastatic  profile  of  bone  marrow  transplantation  experiments.  A.  Graphical  representation  of  the  metastatic  burden  determined 
for  the  lungs,  kidneys,  and  livers  analyzed  by  H+E  staining  from  samples  5-9  BM.  The  metastatic  burden  in  each  organ  was  calculated  by  dividing  the 
pixels  present  in  the  metastatic  lesion/s  (x  pixels)  by  the  total  pixels  comprising  the  field  of  view  (y  pixels)  then  multiplying  by  100  [(x  pixels/y 
pixels)*100]  resulting  in  a  percent  value.  Values  are  reported  as  mean  +/-  SD.  B.  Graphical  representation  of  the  percent  metastatic  burden, 
previously  calculated  as  above,  compared  to  days  post-injection  of  total  bone  marrow  into  the  mammary  fat  pad  for  sample  5-9  BM.  Values  are 
reported  as  mean  +/-  SD. 
doi:1 0.1 371  /journal,  pone.0047587.g005 
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DTC -derived  tumors  could  reveal  the  molecular  mechanisms 
contributing  to  the  aggressive  phenotype  of  DTGs  post-metastatic 
latency  in  the  bone  marrow.  Furthermore,  these  data  indicated  a 
vital  role  of  stromal  and/ or  cellular  components  within  the  bone 
marrow  microenvironment  for  the  persistence  of  disseminated 
breast  cancer  cells  in  a  dormant  state  during  metastatic  latency. 

To  determine  whether  the  non-tumorigenic  mouse  bone 
marrow  was  conferring  a  growth  advantage  for  tumor  formation, 
tumorspheres  isolated  from  sample  5-9  were  co-injected  into  the 
mammary  fat  pad  with  12.5  x  106  bone  marrow  cells  isolated  from 
non-injected  mice.  The  co-injection  with  non-tumorigenic  mouse 
bone  marrow  did  not  confer  a  growth  advantage  for  tumor 
formation  by  the  tumorspheres;  the  resulting  tumors  were  similar 
in  size  to  the  small  tumors  formed  by  injection  of  tumorspheres 
alone.  Therefore,  the  presence  of  resident  mouse  bone  marrow 
cells  did  not  account  for  the  malignant  phenotype  exhibited  by  the 
small  population  of  cancer  cells  present  in  the  isolated  bone 
marrow.  However,  since  the  cellular  and  molecular  interactions 
within  the  bone  marrow  microenvironment  likely  have  reciprocal 
effects  on  the  resident  bone  marrow  cells  and  the  cancer  cells,  the 
bone  marrow  from  a  non-injected  mouse  does  not  control  for 
possible  changes  in  the  bone  marrow  cells. 

Previous  studies  have  shown  that  the  majority  of  DTGs  in  bone 
reside  within  the  endosteal  niche  and  vascular  niche  [33-35].  The 
endosteal  and  vascular  niches  are  dynamic  specialized  compart¬ 
ments  with  cellular  and  stromal  compartments  that  contribute  to 
the  maintenance  and  differentiation  of  hematopoietic  stem  cells 
(HSCs)  [36-38].  HSCs  are  in  close  association  with  osteoblasts  in 
the  endosteum  that  together  provide  signals  to  maintain  HSCs  in  a 
primitive,  quiescent  state  and  provide  an  anchor  to  the  endosteal 
niche  [39—41].  Migration  into  the  vascular  niche  from  the 
endosteal  niche  stimulates  the  regulated  proliferation,  differenti¬ 
ation  and  mobilization  of  HSGs/HPGs  (hematopoietic  progenitor 
cells)  to  the  peripheral  circulation  [42,43].  The  molecular 
interactions  between  the  cellular  and  stromal  compartments  in 
the  maintenance  of  HSC  quiescence  may  similarly  contribute  to 
the  dormancy  of  cancer  cells  residing  within  the  endosteal  niche.  It 
has  been  hypothesized  that  breast  cancer  dormancy  in  bone  is  due 
to  interactions  with  resident  cells  within  the  bone  marrow 
microenvironment,  such  as  mesenchymal  stem  cells,  stromal  cells, 
and  osteoblasts  (reviewed  in  [44]).  Reactivation  of  disseminated 
breast  cancer  cells  for  recurrence  may  occur  due  to  changes  in  cell¬ 
cell  signaling,  increasing  genetic  instability,  and/or  migration  of 
the  cancer  cells  to  a  different  niche  within  the  bone  marrow. 
However,  the  mechanisms  for  breast  cancer  dormancy  in  bone 
and  tumor  recurrence  remain  unknown.  The  inherent  require¬ 
ment  for  the  components  of  the  endosteal  niche  and  vascular  niche 
to  be  responsive  to  exogenous  changes  in  the  environment  renders 
these  niches  as  possible  targets  for  therapeutic  manipulation  [37]. 
Investigation  into  the  reciprocal  biological  changes  within  the 
endosteal  niche  and  the  cancer  cells  may  elucidate  molecular 
targets  within  the  microenvironment  for  the  eradication  of  DTGs 
prior  to  the  development  of  macroscopic  lesions. 

The  hormone  receptor  status  of  the  DTGs  in  the  bone  marrow 
is  often  altered  when  compared  to  the  original  primary  tumor. 
Fehm  et.  al.  reported  71%  of  patients  with  estrogen  receptor  alpha 
(ERoC)  primary  tumors  had  ERoc  DTCs  in  the  BM  [45]  and 
Dietsch  et.  al.  reported  only  2  out  of  1 1  patients  with  ERoC 
primary  tumors  had  ERoG  DTGs  in  the  BM  [46].  In  contrast, 
patients  with  ERa  primary  tumors  presented  predominantly  with 
ERoc  DTCs  in  the  BM  [45].  Isolation  of  tumorspheres  from 
patient  samples  under  non-adherent,  serum-free  conditions 
enriches  for  breast  stem/progenitor  cells,  or  breast-tumor-initiat- 
ing  cell  (bTICs).  It  is  hypothesized  that  recurrent  and  metastatic 


disease  are  predominantly  derived  from  the  less  differentiated  cells 
with  stem-like  characteristics  that  would  retain  the  ability  to 
produce  progeny  with  changes  in  the  expression  of  key  markers, 
resulting  in  the  observed  alterations  in  ERa  expression  in 
recurrent  and  metastatic  disease  as  compared  to  the  primary 
tumor.  Interestingly,  both  the  tumorsphere-derived  tumors  and 
their  metastases  and  the  DTC-derived  tumors  and  their  metastases 
were  negative  for  ERoc  despite  the  expression  of  ERoc  in  patient 
tumor  samples  6,  8  and  9.  Future  experiments  will /determine  jhe 
expression  of  'Slot:  within  the  tumorspheres  isolated  from  the 
patient  samples,  as  well  as  the  expression  markers 

and  stem  cells  markers  within  early  disseminated  tumor  cells 
within  the  bone  marrow  and  other  sites  of  metastasis.  Insight  into 

marrow  could  lead  to  the  identification  of  novel  targets  for  the 
eradication  of  DTCs  during  dormancy  prior  to  the  development  of 
recurrent  and  metastatic  disease. 

The  loss  of  E-cadherin  and  P-catenin  expression  in  the 
membrane  of  epithelial  cells  can  be  indicative  of  an  epithelial  to 
mesenchymal  transition  (EMT)  [47,48].  It  is  hypothesized  that  the 
metastatic  process  is  initiated  when  tumor  cells  undergo  either  a 
full  or  partial  EMT,  leading  to  the  acquisition  of  mesenchymal 
characteristics  such  as  invasiveness,  anchorage-independent 
growth,  and  resistance  to  apoptosis  [49,50].  The  aberrant  and/ 
or  low  levels  of  expression  of  E-cadherin  and  P-catenin  in  sample 
5—9  BM  tumors  suggested  that  the  cells  with  malignant  potential 
acquired  some  features  of  a  mesenchymal  phenotype.  If  dormant 
tumor  cells  residing  in  the  bone  marrow  microenvironment 
exhibited  a  more  mesenchymal  phenotype,  this  could  have 
important  implications  on  current  techniques  employed  to  detect 
DTCs  in  the  bone  marrow  of  patients,  which  predominantly 
detect  epithelial  markers  such  as  cytokeratins  [7,17],  Her2/neu 
[51],  Epeam  [52],  and  Mucin  [6]. 

in  the  bone  marrow  of  breast  cancer  patients  in  terms  of  local  and 
distant  recurrence. 

Metastasis  to  the  lung,  liver  and  kidney  demonstrated  that  the 
dormant  tumor  cells  within  the  bone  marrow  that  formed  primary 
tumors  in  the  mammary  fat  pad  retained  a  similar  metastatic 
profile  as  the  “parental”  cells  within  the  tumorspheres;  however 
the  expression  patterns  of  E-cadherin  and  P-catenin  within  the 
metastatic  lesions  in  the  lung  and  liver  derived  from  DTG -derived 
tumors  differed  from  the  lesions  in  the  lung  and  liver  derived  from 
tumorsphere-derived  tumors  [25].  Nuclear  localization  of  E- 
cadherin  has  been  predominantly  observed  in  pituitary  adenomas 
[53],  esophageal  squamous  cell  carcinoma  [54],  Merkel  cell 
carcinoma  [55],  solid  pseudopapillary  tumor  of  the  pancreas 
[56,57],  clear-cell  renal  cell  carcinoma  [58],  colorectal  cancer  (and 
its  liver  metastases)  [54]  and  ovarian  granulosa  cell  tumors  [59]. 
Although  nuclear  localization  of  E-cadherin  has  not  conclusively 
been  described  in  breast  cancer,  one  study  identified  nuclear  E- 
cadherin  expression  in  21%  of  FNAG  smears  from  breast 
carcinomas  [60] .  Nuclear  expression  of  E-cadherin  was  found  to 
strongly  correlate  with  higher  grade  tumors  with  more  aggressive 
biological  behavior  in  the  same  study  [60].  The  down-regulation 
of  E-cadherin  in  breast  tumors  is  usually  a  consequence  of 
transcriptional  regulation  or  promoter  methylation  and  is  associ¬ 
ated  with  invasion,  metastasis  and  an  overall  worse  prognosis  for 
patients  [61—64].  However  the  extracellular  and  cytoplasmic 
domain  of  E-cadherin  has  been  shown  to  undergo  proteolytic 
cleavage,  suggesting  another  regulatory  mechanism  of  E-cadherin 
in  tumors.  Cleavage  of  the  extracellular  domain  of  E-cadherin 
results  in  the  release  of  a  soluble  80  kDa  fragment  that  has  been 
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shown  to  disrupt  cell-cell  junctions  by  antagonizing  the  full  length 
E-cadherin  [65,66].  In  addition,  the  extracellular  fragment  of  E- 
cadherin  has  been  shown  to  bind  to  and  activate  Her2  and  Her3 
cell  signaling  [67].  Interestingly,  cleavage  products  of  E-cadherin 
were  detected  by  Western  blot  in  protein  extracts  prepared  from 
DTC-derived  tumor  samples  (Figure  SI).  Cleavage  of  E-cadherin 

37  kDa  intracellular  fragment  supporting;;  the  observation  fjjjl 

MMP-3  and  MMP-7  are  two  proteases  implicated  in  the 
extracellular  cleavage  of  E-cadherin.  Interestingly,  the  secretion  of 
active  MMP-3  and  MMP-7  by  tumorspheres  isolated  from  samples 
5-9  was  detected  by  zymography  (unpublished  results)  however  the 
role  of  MMP-3  and/ or  MMP-7  in  the  aberrant  expression  of  E- 
cadherin  observed  in  this  model  has  yet  to  be  determined.  The 
cytoplasmic  domain  of  E-cadherin  can  undergo  proteolytic  cleavage 
by  caspase-3  and  calpain,  translocate  to  the  nucleus  and  influence 
cell  signaling  [65,68-70].  However,  the  mechanisms  by  which  E- 
cadherin  translocates  to  the  nucleus  and  its  potential  role  in  the 
regulation  of  gene  expression  remain  unknown.  The  aberrant 
expression  of  E-cadherin  detected  within  the  tumorsphere-derived 
tumors  [25],  as  well  as  within  the  DTC-derived  tumors  and  their 
metastatic  lesions  in  the  lung  and  liver  (as  presented  in  this  study), 

cancer  cells  associated  with  metastasis  and  other  cellular  processes. 

tion  to  determine  its  possible  role  in  tumor  progression,  metastasis 
and  dormancy.  Future  studies  will  be  aimed  at  determining  the 
’ mechanism  by  which  fthe.QytopIaBhirOvfragriient,of  E-cadherin  enters 
the  nucleus,  possible  interactions  with  other  proteins  in  the  nucleus 
and  any  effects  on  transcription. 

The  disseminated  cancer  cells  within  the  bone  marrow 
metastasized  to  the  lung,  liver  and  kidney,  as  well  as  the  brain 
and  spleen  (data  not  shown).  Although  the  metastatic  profiles  of 
the  present  BM  DTC  experiments  and  tumorsphere  experiments 
from  our  previous  study  [25]  were  comparable,  there  were  a  few 
noted  differences.  The  most  notable  difference  between  the  BM 
DTC  experiments  and  the  tumorsphere  experiments  [25]  was  the 
accelerated  development  of  detectable  macrometastatic  lesions  in 
the  lung,  liver  and  kidney  from  the  BM  DTCs.  Whereas  the 
majority  of  metastatic  lesions  for  sample  5—9  were  detected  at 
>200  days  post-injection  of  tumorspheres  into  the  mammary  fat 
pad  [25],  the  majority  of  metastatic  lesions  for  sample  5—9  BM 
were  detected  at  <150  days  post-injection.  The  larger  primary 
tumor  size  and  the  significantly  earlier  development  of  metastases 
for  the  BM  DTC-derived  tumors  suggests  that  the  disseminated 
breast  cancer  cells  in  the  bone  marrow  acquired  a  proliferative 
advantage  through  residence  in  the  bone  marrow  as  compared  to 
cells  in  the  tumorsphere-derived  tumors.  These  data  may  suggest 
that  cells  within  the  bone  marrow  have  the  potential  to  further 
disseminate  to  other  organs  with  the  proliferative  capacity  to 
aggressively  form  metastatic  lesions.  Alternatively,  the  resident 
bone  marrow  cells  may  undergo  pre-conditioning  as  a  result  of 
crosstalk  with  the  DTCs  or  alterations  in  the  microenvironment 
caused  by  the  presence  of  the  DTCs  in  the  bone.  An  eloquent 
study  by  Kaplan  et.  al.  demonstrated  the  recruitment  of  VEGFR1  + 
bone  marrow  derived  cells  (BMDCs)  to  tumor-specific  sites  of 
metastasis,  resulting  in  the  establishment  of  a  pre-metastatic  niche 
for  the  colonization  of  disseminated  tumor  cells  [7 1] .  This  previous 
study  demonstrated  the  crucial  role  of  BMDCs  in  the  early  steps  of 
metastasis.  Therefore,  changes  within  the  cells  in  the  bone  marrow 
during  metastatic  latency  may  contribute  to  the  highly  aggressive 
metastatic  phenotype  observed  by  DTCs  in  the  bone  marrow 
upon  injection  of  total  bone  marrow  into  the  mammary  fat  pad. 


metastatic  latency,  may  elucidate  important  pathways  involved  in 

The  organ  microenvironment  has  been  implicated  in  this  study  as 
well  as  previous  studies  as  a  possible  target  in  the  treatment  of 
metastatic  disease.  There  would  be  two  predominant  desired 
outcomes  upon  the  manipulation  of  the  organ  microenvironment: 
maintenance  of  dormancy  or  induced  exit  from  dormancy.  On  the 
one  hand,  the  organ  microenvironment  could  be  manipulated  by 
exogenous  signals  to  prevent  the  exit  of  DTCs  from  dormancy  in  an 
attempt  to  prevent  the  development  of  macroscopic  lesions. 
Alternatively,  suppression  of  the  mechanisms  contributing  to 
dormancy  or  activating  the  signals  permitting  the  exit  from  dormancy 
would  eliminate  metastatic  latency  allowing  the  use  of  cytostatic/ 
cytotoxic  therapies  to  target  the  proliferating  metastatic  tumor  cells. 
The  results  presented  in  this  study  suggest  that  DTCs  acquire  a  highly 
aggressive  and  malignant  phenotype  during  metastatic  latency 
indicating  that  it  may  be  dangerous  to  permit  the  persistence  of 
DTCs  in  a  dormant  state  for  extended  periods  of  time.  Although 
cytotoxic  and/ or  cytostatic  therapies  have  been  shown  to  be 
ineffective  in  treating  metastatic  disease,  the  lack  of  suitable  models 
has  hindered  investigation  into  the  efficacy  of  either  approach.  Using 
the  model  presented  in  the  present  study,  future  research  can 

approach,  providing  a  means  to  determine  potential  effects  on  DTCs 
of  the  organ  microenvironment. 

Disseminated  breast  cancer  cells  in  the  bone  are  known  to  exist 
in  a  dormant  state  for  extended  periods  of  time,  maintaining  the 
ability  to  proliferate  upon  activation  to  form  overt  clinical  lesions 
[44,72,73].  However  the  mechanisms  contributing  to  the  main¬ 
tenance  of  dormancy  and  subsequent  exit  from  dormancy  have  yet 
to  be  determined.  Although  the  presence  of  DTCs  in  the  bone 
marrow  provides  a  strong  prognostic  indicator  for  breast  cancer, 
many  patients  remain  relapse-free  even  after  10  years.  In  this 
study,  we  have  presented  data  implicating  the  vital  role  of  extrinsic 
factors  within  the  bone  microenvironment  in  the  dormancy  of 
disseminated  cancer  cells.  We  demonstrate  the  malignant  potential 
and  aggressive  metastatic  profile  of  dormant  cancer  cells  in  the 
bone  marrow,  suggesting  stable  modifications  of  DTCs  occur 
within  the  bone  marrow  microenvironment  that  facilitate  malig¬ 
nancy  once  cells  exit  the  bone. 

reciprocal  Jfpss^Jjl  faHMi  disseminated  §:ancer  Mm  antjj 
resident  cells  within  the  bone  marrow  microenvironment  will 

cancer  cell  dormancy  that  may  lead  to  improved  detection  and 

Supporting  Information 

Figure  SI  Western  blot  analysis  of  tumors  demonstrat¬ 
ing  extracellular  and  intracellular  cleavage  products  of 
E-cadherin.  Western  blot  analysis  of  protein  isolated  from 
sample  5  BM  tumors  demonstrates  the  presence  of  the  80  kDa 
extracellular  cleavage  product  and  37  kDa  cytoplasmic  cleavage 
product  of  E-cadherin. 
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Breast  Tumor-Initiating  Cells  Isolated  from  Patient  Core 
Biopsies  for  Study  of  Hormone  Action 

Carolyn  G.  Marsden,  Mary  Jo  Wright,  Radhika  Pochampally, 
and  Brian  G.  Rowan 

Abstract 

In  recent  years,  evidence  has  emerged  supporting  the  hypothesis  that  cancer  is  a  stem  cell  disease.  The 
cancer  stem  cell  field  was  led  by  the  discovery  of  leukemia  stem  cells  (Tan,  B.T.,  Park,  C.Y.,  Ailles,  L.E.,  and 
Weissman,  I.L.  (2006)  The  cancer  stem  cell  hypothesis:  a  work  in  progress.  Laboratory  Investigation.  86, 
1203-1207),  and  within  the  past  few  years  cancer  stem  cells  have  been  isolated  from  a  number  of  solid 
tumor  including  those  of  breast  and  brain  cancer  among  others  (Al-Hajj  M.,  Wicha  M.S.,  Benito- 
Hernandez  A.,  Morrison,  S.J.,  and  Clarke,  M.F.  (2003)  Prospective  identification  of  tumorigenic  breast 
cancer  cells.  Proc.  Natl.  Acad.  Sci.  USA  100,  3983-3988;  Singh,  S.K.,  Clarke,  I.D.,  Terasaki,  M.,  Bonn, 
V.E.,  Hawkins,  C.,  Squire,  J.,  and  Dirks,  P.B.  (2003)  Identification  of  a  Cancer  Stem  Cell  in  Human  Brain 
Tumors.  Cancer  Research.  63,  5821-5828).  Cancer  stem  cells  exhibit  far  different  properties  than 
established  cells  lines  such  as  relative  quiescence,  multidrug  resistance,  and  multipotency  (Clarke,  M.F., 
Dick,  J.E.,  Dirks,  P.B.,  Eaves,  C.J.,  Jamieson,  C.H.M.,  Jones,  D.L.,  Visvader,  J.,  Weissman,  I.L.,  and 
Wahl,  G.M.  (2006)  Cancer  Stem  Cells-Perspectives  on  Current  Status  and  Future  Directions:  AACR 
Workshop  on  Cancer  Stem  Cells.  Cancer  Research.  66,  9339-9344).  In  addition,  our  laboratory  has 
demonstrated  that  breast  cancer  stem  cells  exhibit  a  strong  metastatic  phenotype  when  passaged  in  mice. 
Since  stem  cells  exhibit  these  somewhat  unique  properties,  it  will  be  important  for  endocrinologists  to 
evaluate  hormonal  action  in  these  precursor  cells  for  a  more  thorough  understanding  of  cancer  biology  and 
development  of  more  effective  treatment  modalities.  A  relatively  easy  and  low  cost  method  was  developed 
to  isolate  breast  cancer  stem  cells  from  primary  needle  biopsies  taken  from  patients  diagnosed  with  primary 
invasive  ductal  carcinoma  during  the  routine  care  of  patients  with  consent  and  IRB  approval.  Fresh  needle 
biopsies  (2-3  biopsies  at  2  cm  in  length)  were  enzymatically  dissociated  in  a  collagenase  (300  U/ml)/ 
hyaluronidase  (100  U/ml)  solution  followed  by  sequential  filtration.  Single  cell  suspensions  were  cultured 
on  ultra  low  attachment  plastic  flasks  in  defined  medium  and  formed  non- adherent  tumorspheres.  The 
tumorspheres  exhibited  surface  marker  expression  of  CD44+/CD24loW//_/ESA+,  previously  defined  as  a 
“breast  cancer  stem  cell”  phenotype  by  A1  Hajj  et  al.  (Al-Hajj  M.,  Wicha  M.S.,  Benito-Hernandez  A., 
Morrison,  S.J.,  and  Clarke,  M.F.  (2003)  Prospective  identification  of  tumorigenic  breast  cancer  cells.  Proc. 
Natl.  Acad.  Sci.  USA  100,  3983-3988). 
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1.  Introduction 


An  understanding  of  the  mechanisms  for  hormone  action  and 
endocrine  therapy  response  in  breast  cancer  in  limited  due  to  the 
complexity  of  this  disease,  the  numerous  disease  subtypes,  and  de 
novo  and  acquired  resistance  to  endocrine  therapies.  Part  of  the 
complexity  in  breast  cancer  is  likely  due  to  the  presence  of  limiting 
numbers  of  cancer  stem  cells.  By  definition,  cancer  stem  cells  are 
tumor  cells  that  (a)  have  the  ability  to  self-renew  and  (b)  can 
recapitulate  the  entire  cellular  heterogeneity  of  tumor  from  which 
the  cells  were  derived  when  transplanted  into  an  immunodeficient 
mouse  model  (1).  In  this  regard,  the  cancer  stem  cell  would  be  the 
progenitor  of  all  the  differentiated  tumor  cells  that  constitute  the 
bulk  of  a  breast  tumor.  Whereas  the  more  differentiated  breast 
tumor  cells  are  sensitive  to  chemotherapy  and  endocrine  therapy 
for  breast  cancer,  the  cancer  stem  cells  are  insensitive  to  these 
therapeutics  by  virtue  of  a  relatively  quiescent  phenotype,  expres¬ 
sion  of  membrane  pumps,  and  uncertain  nuclear  receptor  status. 

Tumor  initiating  cells  (T-ICs),  a  term  used  to  describe  a 
putative  stem  cell  population,  are  a  population  of  cells  that  contain 
a  sub -population  of  cancer  stem  cells  (1).  T-ICs  have  the  capacity 
to  initiate  and  maintain  tumor  growth;  however  the  term  refers  to 
a  more  heterogeneous  population  of  cells  containing  a  population 
of  cancer  stem  cells  (1).  Isolation  of  T-ICs  will  provide  an  impor¬ 
tant  laboratory  tool  to  understand  endocrine  regulation  of  these 
multipotent  cells.  This  chapter  describes  methods  for  isolation, 
culturing,  and  characterization  of  breast  T-ICs. 

Breast  T-ICs  can  be  isolated  using  a  variety  of  methods.  Fluor¬ 
escence  activated  cell  sorting  (FACS)  utilizes  the  expression  of 
identified  cell  surface  markers  to  isolate  T-ICs  (2,3).  The  advantage 
of  using  FACS  to  isolate  breast  T-ICs  is  that  the  initial  cell  popula¬ 
tion  will  be  less  heterogeneous.  However,  propagation  in  vitro  as 
tumorspheres  will  most  likely  yield  a  heterogeneous  population  of 
cells  ranging  from  cancer  stem  cells  to  more  differentiated  progeni¬ 
tor  cells.  The  low  number  of  cells  recovered  from  FACS  is  a  caveat 
of  the  technique,  depending  on  the  size  of  the  tissue  and  hence  the 
total  number  of  cells  initially  isolated  from  the  primary  tissue.  For 
the  isolation  of  breast  T-ICS,  an  alternative  to  isolating  T-ICs  from 
primary  tissue  is  FACS  sorting  of  established  breast  cancer  cell  lines 
(4).  This  method  offers  accessibility  and  convenience  due  to  the 
unlimited  resource  of  cell  lines.  However,  similar  to  the  parental  cell 
line,  T-ICs  sorted  from  cancer  cell  lines  present  translational  limita¬ 
tions  and  complications  from  long-term  culture. 

The  method  presented  in  this  chapter  for  isolating  breast  T-ICs 
is  more  accessible  for  researchers  without  consummate  stem  cell 
experience  and  cheaper  than  alternative  methods  described  above. 
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The  following  method  is  a  variation  of  a  valid  isolation  method 
developed  by  Ponti  et  al.  (5)  and  uses  specific  culture  conditions  to 
isolate  non-adherent  cells  that  form  tumorspheres  in  vitro.  One 
disadvantage  to  the  following  method  is  that  a  heterogeneous 
population  of  cells  is  isolated  as  compared  to  FACS  sorting  to 
isolate  population  based  on  specific  cell  surface  markers.  However 
this  method  provides  a  robust  and  reliable  approach  to  isolate  T- 
ICs  for  studies  in  which  the  degree  of  “  sternness”  of  isolated  cells  is 
not  as  critical  as  the  tumor  formation  efficiency  and  the  serial 
transplantability.  Isolated  primary  T-ICs  provide  a  tumor  model 
that  more  closely  recapitulates  the  primary  tumor  when  injected 
into  the  mammary  fat  pad  of  immunodeficient  mice.  For  that 
reason,  tumor  models  derived  from  T-ICs  are  more  relevant  for 
investigation  of  basic  tumor  biology,  metastasis,  and  response  to 
hormones  and  therapeutics. 


2.  Materials 


2.1.  Isolation  of  Breast 
T-ICs  from  Biopsy  Core 
Samples 


1.  lx  Hanks’  balanced  salt  solution  (HBSS)  with  phenol  red. 

2.  lx  Phosphate  buffered  solution  (PBS),  pH  7.0. 

3.  Dulbecco’s  Phosphate  Buffered  Saline  (DPBS),  sterile -filtered, 
cell  culture  tested  (Sigma- Aldrich). 

4.  7.5%  bovine  serum  albumin  (BSA)  in  DPBS. 

5.  Disposable  scalpels. 

6.  Dulbecco’s  Modified  Eagles  Medium/Ham’s  F-12  (DMEM: 
F-12):  1:1  mix,  with  L-glutamine  and  15  mM  HEPES 
(#11330-032,  Invitrogen). 

7.  lOx  Collagenase  (3000  U/ml)/Hyaluronidase  (1000  U/ml) 
in  Dulbecco’s  Modified  Eagle’s  Medium  with  glucose 
(1000  mg  D-Glucose/L)  (Stem  Cell  Technologies). 

8.  Sterile  Petri  dishes. 

9.  BD  Falcon  Filter  Cell  Strainer,  100  pm  and  40  pm  pore  size. 

10.  B-27  supplement  (50X)  (GIB CO -Invitrogen). 

11.  Human  recombinant  epidermal  growth  factor  (EGF)  is  dis¬ 
solved  at  20  pg/ml  in  10  mM  acetic  acid/0.1%  BSA  and 
stored  in  500  pi  aliquots  at  -20°C.  The  working  concentra¬ 
tion  is  20  ng/ml  and  therefore  used  at  a  1:1000  dilution. 

12.  Insulin,  human  recombinant  (SAFC  Biosciences)  diluted  in 
autoclaved  ddH20  at  400  pg/ml,  using  hydrochloric  acid  to 
adjust  the  pH  to  dissolve  (about  pH  2.7).  Aliquots  of  400 
pg/ml  stored  at  — 20°C  and  used  at  a  working  concentration 
of  4  pg/ml. 
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2.2.  Culture  Conditions 
and  Maintenance 
In  Vitro 


2.3. 

Immunocytochemistry 
on  Isolated 
Tumorspheres 


2.4. 

Immunocytochemistry 
on  Tumorsphere 
Cytospins 


13.  Human  recombinant  basic  fibroblast  growth  factor 
(bFGF)  is  dissolved  at  25  gg/ml  in  DMEM:F-12  and 
stored  in  aliquots  at  -20°C.  The  working  concentration 
is  10  ng/ml. 

14.  DMEM:F-12  complete  medium.  To  prepare  500  ml  of 
DMEM:F-12  complete  medium,  add  5  ml  of  400  |ig/ml 
of  human  recombinant  insulin,  500  jil  of  20  pg/ml 
human  EGF,  200  pi  of  25  pg/ml  of  bFGF,  26.7  ml  of 
7.5%  BSA  in  DPBS,  and  10  ml  of  50X  B-27  supplement 
to  447.6  ml  of  DMEM:F12.  Sterile  filter  the  final  solu¬ 
tion  (see  Note  1). 

1 5 .  Ultra  low  attachment  culture  7 5  cm2  flasks /1 00  mm  dishes / 
6-well  plates/24-well  plates/9 6 -well  plates  (Corning), 
depending  on  the  number  of  cells  and  types  of  experiments 
to  be  performed. 

1.  DMEM:F-12  as  in  2.1. 

2.  B-27  supplement  (5 OX). 

3.  hEGF  (20  ng/ml). 

4.  Insulin  (4  jag/ml). 

5.  Human  bFGF  (10  ng/ml). 

6.  7.5%  BSA  in  DPBS. 

7.  Ultra  low  attachment  culture  75  cm2  flasks/100  mm  dishes/6- 
well  plates/24 -well  plates/96-well  plates  (Corning),  depending 
on  the  number  of  cells  and  types  of  experiments  to  be  performed. 

8.  lx  Trypsin  with  EDTA  (0.05%)  (Invitrogen). 

9.  lx  Trypsin  inhibitor  from  glycine  max  (soybean)  stored  in 
1  -2  ml  aliquots  at  —  20°C  (Sigma- Aldrich). 

1.  lx  PBS  with  2%  fetal  bovine  serum  (FBS),  pH  7.4. 

2.  lx  PBS  with  1%  BSA,  pH  7.4. 

3 .  Cytocentrifuge  ( Cytofuge  2 ,  S tatspin ) . 

4.  Filter  concentrators  (FF01/FF01-B)  and  stainless  steel  clips 
(FFCF,  S tatspin). 

5.  Cardboard  filters  (supplied  with  concentrator  and  used  to 
concentrate  the  cells  at  one  spot  on  the  slide). 

6.  Superfrost  plus  microscope  slides,  pre- cleaned. 

7.  Acetone. 

1.  lx  PBS,  pH  7.4. 

2.  Normal  goat  serum. 

3.  Nonidet-P40  (NP40),  reagent  grade. 
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4.  Humidified  chamber;  an  unused  pipette  tip  box  with  wet 
paper  towels  and  a  small  amount  of  ddH20  in  the 
bottom. 

5.  IgGl-FITC/IgG2a-PE  antibody  mixture  (Beckman  Coul¬ 
ter).  This  mixture  of  two  nonspecific  antibodies  that  are  iso¬ 
type  matched  for  the  CD44-PE  antibody  and  CD24-FITC 
antibodies  is  used  as  a  negative  control  for  nonspecific  stain¬ 
ing.  If  using  different  primary  antibodies  then  choose  the 
appropriate  isotyped  matched  IgG  control  antibody  to  assess 
nonspecific  staining. 

6.  CD44-PE  antibody  and  CD24-FITC  antibody  (BD 
Biosciences). 

7.  ESA-FITC  antibody  (Biomeda). 

8.  Hoechst  33342  dye  (1  mM)  to  be  diluted  in  lx  PBS,  pH  7.4 
to  a  working  concentration  of  10  pM. 

9.  Prolong  Gold  Antifade  reagent. 

10.  Coverglass  slips  24  x  30  mm. 


3.  Methods 


Isolating  primary  breast  T-ICs  from  patient  core  biopsies  can  be 
challenging.  With  an  approved  IRB  protocol  and  patient  consent, 
tumor  biopsies  may  be  obtained  either  at  the  time  of  initial  patient 
diagnosis  or  following  tumor  resection.  During  initial  patient 
diagnosis,  ultrasound  guided  needle  biopsies  are  efficient  for 
obtaining  core  biopsies  from  the  tumor  and  not  the  surrounding 
normal  tissue.  However  all  resultant  cultures  must  be  evaluated  by 
a  pathologist  for  cellular  and  nuclear  morphology  to  determine 
whether  cells  are  from  cancer  or  normal  tissue  origin.  There  is 
always  variability  in  the  number  of  T-ICs  isolated  from  different 
biopsies.  Regardless  of  the  variability,  a  limited  number  of  T-ICs 
will  be  isolated  from  a  small  amount  of  tissue  such  as  a  core  biopsy. 
Alternately,  biopsies  obtained  by  the  surgeon  following  tumor 
resection  (True-cut  biopsies)  may  also  be  used  as  a  source  for 
T-ICs  and  would  provide  a  larger  amount  of  starting  material. 
Once  again,  resection  samples  would  have  to  be  evaluated  by  a 
pathologist  to  ensure  separation  of  cancerous  tissue  from  normal 
tissue  prior  to  isolating  T-ICs.  A  further  concern  for  resection 
samples  would  occur  if  the  patient  received  any  neoadjuvant  ther¬ 
apy  prior  to  resection  that  could  introduce  variability  in  the  T-ICs. 
It  has  been  demonstrated  that  neoadjuvant  chemotherapy  may 
actually  enrich  for  the  number  of  T-ICs  obtained  from  resection 
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biopsies  (6).  Nonetheless,  cultures  established  from  resection  sam¬ 
ples  should  be  carefully  evaluated  with  the  expectation  that  not  all 
tissue  samples  will  yield  T-ICs. 

Due  to  the  possible  infectious  nature  of  the  patient  tissue  samples , 
safety  precautions  are  needed  during  dissociation  of  the  tissue  and  during 
all  subsequent  culturing  and  handling  of  the  samples.  The  user  should 
consult  with  the  appropriate  safety  officials  for  proper  protection  against 
infectious  agents.  Since  there  is  no  penicillin/ streptomycin  added  to 
the  complete  medium,  precise  and  careful  cell  culture  techniques 
need  to  be  employed.  In  addition,  if  there  are  established  cell  lines 
present  in  the  same  cell  culture  laboratory,  primary  cells  should  be 
used  in  a  separate  hood  and  designated  incubator  that  will  not 
contain  established  cell  lines  to  minimize  cross  contamination. 


3.1.  Isolation  of  Breast 
T-ICs  from  Biopsy  Core 
Samples 


1 .  Upon  receipt  of  core  biopsies,  immediately  place  the  biopsy 
pieces  into  a  15  ml  conical  tube  containing  lx  HBSS  (4°C) 
and  place  on  ice  for  immediate  transport  to  the  laboratory. 

2.  Once  back  in  the  laboratory,  transfer  the  core  biopsy  pieces  and 
lx  HBSS  into  a  sterile  Petri  dish  in  a  sterile  tissue  culture  hood. 

3.  Thaw  3-5  ml  (depending  on  the  amount  of  tissue)  of  lOx 
collagenase/hyaluronidase  in  a  37°C  water  bath.  Pre-warm 
DMEM:F-12  in  a  37°C  water  bath  for  diluting  the  lOx 
collagenase  /hyaluronidase . 

4.  Remove  the  lx  HBSS  from  the  dish  and  discard  into  a  50  ml 
conical  tube  containing  bleach  ( see  Note  2). 

5 .  Wash  the  core  biopsies  twice  with  lx  PBS,  pH  7.4.  Removing 
and  disposing  of  the  lx  PBS  should  be  done  in  the  same 
manner  as  the  lx  HBSS  in  3.1.4. 

6.  Place  the  core  biopsies  into  a  new  sterile  Petri  dish  (or  a  sterile 
tissue  culture  plate)  and  add  8-10  ml  of  lx  PBS,  pH  7.4. 
Using  two  sterile  disposable  scalpels  mince  the  tumor  pieces 
into  ^2  mm  pieces  in  lx  PBS,  pH  7.4.  Do  not  use  excessive 
mechanical  dissociation  of  the  tissue  or  increased  cell  death 
will  occur. 

7.  Transfer  the  minced  tissue  pieces  in  PBS  to  a  50  ml  conical 
tube.  Allow  the  tumor  pieces  to  settle  to  the  bottom  (about 
5-10  minutes). 

8.  While  waiting,  dilute  the  pre- thawed  lOx  collagenase/hyaluro¬ 
nidase  to  lx  in  pre-warmed  DMEM:F-12  and  mix  thoroughly. 

9.  From  step  3.1.7,  remove  the  lx  PBS  supernatant  without 
disturbing  the  settled  minced  tumor  pieces  and  dispose  the 
PBS  in  bleach  as  in  step  3.1.4. 

10.  Add  30-50  ml  of  lx  collagenase/hyaluronidase  to  the  minced 
tumor  pieces  and  gently  agitate,  either  by  pipetting  up  and 
down  or  by  brief  and  slow  pulse  on  a  vortexer  (see  Note  3). 
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11.  Incubate  the  50  ml  conical  tube  containing  the  tumor  pieces 
in  a  37°C  water  bath  for  3-4  hours,  agitating  every  15-25 
minutes  by  pipetting  up  and  down  in  the  tissue  culture  hood. 
If  an  overnight  incubation  for  the  enzymatic  digestion  is 
preferred,  additional  growth  factors  etc.  must  be  added  to 
the  DMEM:F-12/collagenase/hyaluronidase  mixture  to 
prevent  excessive  cell  death.  Usually,  3-4  hour  enzymatic 
dissociation  at  37°C  is  sufficient  for  enzymatic  dissociation. 

12.  Prepare  DMEM:F-12  complete  medium  during  the  enzy¬ 
matic  dissociation  step  (see  2.1.13). 

1 3 .  Upon  completion  of  the  enzymatic  dissociation,  sequentially 
filter  the  cell  suspension  through  a  100  pm  pore  filter,  and 
then  a  40  pm  pore  filter  and  collect  the  flow  through  into  a 
fresh  50  ml  conical  tube.  This  step  is  used  to  remove  undi¬ 
gested  tissue  and  clumps  of  cells  that  will  not  pass  through  the 
filters  and  should  be  discarded.  The  flow  through  will  contain 
single  cells  that  will  be  used  in  the  next  step. 

14.  Centrifuge  the  resultant  single  cell  suspension  at  350g  for  10 
minutes.  Resuspend  the  cell  pellet  in  complete  medium  with 
gentle  pipetting.  Remove  10  pi  of  the  resuspended  cell  solu¬ 
tion  for  cell  counting  by  trypan  blue  exclusion. 

15.  Plate  1000  cells/ml  in  an  ultra  low  attachment  plate/flask 
(6),  depending  on  the  total  number  of  isolated  cells  in  the 
single  cell  suspension.  Culture  cells  at  37°C  with  5%  C02  Tu- 
morspheres  should  be  visualized  by  light  microscopy  within 
3-6  days  of  culture.  A  general  flow  chart  of  the  procedure  and 
an  image  of  a  tumorsphere  are  shown  in  Fig.  23.1.  Maintain 
tumorspheres  under  non- adherent  culture  conditions  in  the 
DMEM:F-12  complete  media. 


Core  Biopsy 


Mechanical 

dissociation 


Tumorsphere 


Select  bT-ICs 
under  defined 
culture 
conditions 


Enzymatic 

dissociation 

collagenase/ 

hyaluronidase 

i 

Filter  cells 
through  lOOum 
and  40um 
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Fig.  23.1 .  A  flow  chart  illustrating  the  general  isolation  procedure  for  bT-ICs  including  an 
image  of  a  “tumorsphere”  in  vitro.bT-ICs;  breast  tumor  initiating  cells. 
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3.2.  Culture  Conditions 
and  Maintenance 
In  Vitro 


1 .  When  approximately  50%  of  the  tumorspheres  reach  60  pm  in 
diameter,  collect  all  tumorspheres  in  a  50  ml  conical  tube  and 
centrifuge  at  300^  for  10  minutes  (tumorspheres  that  are 
larger  than  60  pm  in  diameter  develop  a  darkened  center). 

2.  While  cells  are  in  the  centrifuge,  thaw  a  sufficient  number  of 
aliquots  of  trypsin  inhibitor  in  a  37°C  water  bath. 

3.  Carefully  aspirate  the  supernatant  (see  Note  4)  and  gently 
resuspend  the  cells  in  1  ml  of  0.05%  trypsin- EDTA  keeping 
bubble  formation  to  a  minimum. 

4.  Incubate  the  50  ml  conical  tube  containing  the  cells  in  a  37°  C 
water  bath  for  10  minutes  with  gentle  agitation  after  5  minutes. 

5 .  After  the  10  minute  incubation,  add  an  equal  volume  of  trypsin 
inhibitor  to  the  cells  (e.g.,  if  cells  were  incubated  in  1  ml  of 
trypsin,  add  1  ml  of  trypsin  inhibitor).  Pipette  the  cells  up  and 
down  about  40  times  using  a  Rainin  PI 000  pipettor  with  sterile 
plugged  pipette  tips,  minimizing  bubble  formation. 

6.  Centrifuge  the  cells  at  3 50^ for  10  minutes  (^Note  5). 

7.  Gently  resuspend  the  cell  pellet  in  complete  media  with  a  Rainin 
PI 000  pipettor  and  sterile  plugged  pipette  tips  (keeping  bubble 
formation  to  a  minimum).  Remove  10  jil  of  the  resuspended 
cell  solution  for  cell  counting  by  trypan  blue  exclusion. 

8.  Plate  the  cells  at  1000  cells/ml  on  ultra  low  attachment 
plates/flasks  in  DMEM:F-12  complete  medium. 

9.  Every  3  days,  collect  cells  by  centrifugation  at  350^  for  10 
minutes  and  replate  cells  with  fresh  complete  media  contain¬ 
ing  EGF  and  bFGF. 


3.3.  Tumorsphere 
Cytospins 


1.  Harvest  >100  tumorspheres  in  a  conical  tube  and  centrifuge 
at  300^  for  10  minutes. 

2.  Wash  (pipette  up  and  down  3-4  times)  the  tumorspheres  in 
cold  lx  PBS,  pH7.4  supplemented  with  2%  FBS  twice,  cen¬ 
trifuging  at  300^  for  10  minutes  after  each  wash. 

3.  After  the  second  wash,  resuspend  the  tumorspheres  in 
100  jil  of  lx  PBS,  pH7.4  supplemented  with  1%  BSA 
(using  cotton  plugged  sterile  pipette  tips)  and  keep 
tumorspheres  on  ice. 

4.  Label  the  Superfrost  Plus  microscope  slides  appropriately.  Be 
aware  of  the  slide  orientation  when  placing  slides  into  the 
cytocentrifuge  to  avoid  loading  cells  into  the  incorrect  wells 
of  the  filter  concentrators.  Once  assembled,  it  is  very  difficult 
to  see  the  labels  on  the  slides. 

5.  Assemble  the  filter  concentrators  and  cardboard  filters  as  per 
the  manufacture  instructions.  Cardboard  filters  are  used  to 
concentrate  the  cells  at  one  spot  on  the  glass  slide.  Be  sure  that 
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the  hole  in  the  cardboard  filter  is  in  the  proper  position  and 
the  filter  and  the  slide  are  flush  to  ensure  the  cells  can  reach 
the  slide. 

6.  Place  the  assembled  filter  concentrators  into  the  appropriate 
positions  in  the  cytocentrifuge. 

7.  Add  100  pi  of  lx  PBS,  pH7.4  supplemented  with  1%  BSA  to 
the  wells  of  the  filter  concentrators  (j^Note  6).  Centrifuge  at 
500^  for  2  minutes. 

8.  Quickly  add  100  pi  of  each  tumor  sphere  sample  to  the  appro¬ 
priate  wells  of  the  filter  concentrators.  Centrifuge  at  500^  for 
10  minutes. 

9.  Remove  the  filter  concentrator  apparatus  from  the  cytocen¬ 
trifuge.  Remove  the  metal  clips  being  careful  not  to  scrape  the 
filter  across  the  slide  with  the  attached  cells  (the  circle  of 
liquid  on  the  slide  indicates  the  location  of  the  cells  on  the 
slide). 

10.  Carefully  open  the  filter  concentrator  separating  the  card¬ 
board  filter  from  the  slide  without  any  lateral  motion  that 
would  disturb  the  attached  cells  on  the  slide. 

11.  Dry  the  slides  overnight  at  room  temperature  (in  a  secure 
location  to  avoid  any  disturbance). 

12.  Add  acetone  to  the  slides  for  5  minutes  at  4°C  to  fix  the  cells. 

1 3 .  Wash  the  slides  three  times  with  lx  PBS,  pH  7.4  for  5  minutes 
each  wash  at  room  temperature. 

14.  Dry  slides  at  room  temperature  but  avoid  excessive  drying 
(see  Note  7).  Store  slides  at  -20°C  if  staining  won’t  be 
performed  immediately. 


3.4. 

Immunocytochemistry 
on  Tumorsphere 
Cytospins 


1.  Blocking  step:  using  the  slides  from  step  3.3.14,  add  ~200  pi 
of  blocking  buffer  (10%  normal  goat  serum  and  0.2%  NP-40 
in  lx  PBS,  pH  7.4)  to  slides.  Incubate  slides  for  30  minutes  in 
a  humidified  chamber  at  room  temperature. 

2.  During  the  30  minute  blocking  step,  prepare  primary  anti¬ 
body  dilutions  in  blocking  buffer  (see  step  3.4.1).  For  anti¬ 
body  incubations,  at  least  200  pi  of  diluted  antibody  will  be 
needed  per  slide.  Antibody  dilutions  should  be  determined 
empirically.  As  an  example,  CD44-PE,  CD24-FITC,  and 
ESA-FITC  antibodies  were  diluted  1:100  in  blocking  buffer. 
All  experiments  should  make  use  of  appropriate  controls 
(incubation  of  slides  with  isotype  matched  nonspecific  anti¬ 
body  or  peptide  competition  of  primary  antibody).  As  an 
example,  a  mixture  of  IgGl-FITC  and  IgG2a-PE  (Beckman 
Coulter)  served  as  isotype  matched  control  antibodies  for 
CD44-PE,  CD24-FITC,  and  ESA-FITC.  Control  antibodies 
should  be  prepared  at  the  same  dilution  in  blocking  buffer 
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(or  the  same  mass/volume)  as  the  primary  antibodies.  Some 
primary  antibodies  may  be  incubated  concomitantly  (e.g., 
CD44-PE  and  CD24-FITC  antibodies  may  be  incubated 
together).  Keep  all  antibodies  on  ice  and  protected  from 
light  (see  Note  8). 

3.  Wash  the  slides  twice  with  cold  lx  PBS,  pH  7.4,  blotting  the 
slides  on  paper  towels  to  remove  the  excess  lx  PBS,  pH  7.4  after 
each  wash.  Be  sure  to  only  touch  the  edge  of  the  slide  to  the 
paper  towel  to  avoid  disturbing  the  attached  tumorspheres. 

4.  Turn  off  as  many  lights  in  the  workspace  as  possible  before 
working  with  fluorophore- conjugated  antibodies.  Prepare 
your  workspace  such  that  exposure  to  light  during  the  addi¬ 
tion  of  the  diluted  antibodies  is  minimized. 

5.  Add  ^200  pi  of  each  antibody  dilution  to  the  appropriately 
labeled  slides. 

6.  Cover  the  humidified  chamber  with  aluminum  foil  without 
tipping  the  chamber,  since  this  may  cause  loss  of  liquid  from 
the  desired  location  on  the  slide. 

7.  Incubate  the  slides  in  the  humidified  chamber  for  90  minutes 
at  room  temperature. 

8.  Dilute  1  mM  of  Hoechst  dye  ( see  Note  9)  1:100  in  lx  PBS, 
pH  7.4  to  make  a  10  pM  working  solution.  Make  enough 
working  solution  to  add  500  pi  to  each  slide.  Keep  working 
solution  on  ice  and  protect  from  light. 

9.  Remove  the  Prolong  Gold  Antifade  reagent  from  -20 °C  to 
equilibrate  to  room  temperature  before  use. 

10.  Wash  slides  twice  with  lx  PBS,  pH  7.4  for  5  minutes  each. 
Blot  the  edge  of  the  slides  on  a  paper  towel  to  remove  excess 
lx  PBS,  pH  7.4  after  each  wash. 

11.  Add  ^500  pi  of  10  pM  Hoechst  33342  dye  to  each  slide. 
Incubate  at  room  temperature  for  15-20  minutes,  in  the 
humidified  chamber  with  aluminum  foil. 

12.  Wash  slides  once  with  1XPBS,  pH  7.4. 

13.  Blot  the  side  of  the  slides  gently  on  a  paper  towel  to  remove 
excess  lx  PBS,  pH  7.4. 

14.  Using  a  Pasteur  pipette,  make  a  thin  line  of  the  Prolong  gold 
antifade  reagent  along  one  edge  of  the  slide,  adjacent  to  the 
attached  tumorspheres.  Pick  up  a  coverslip  using  a  forceps  and 
touch  the  edge  of  the  coverslip  to  the  thin  line  of  the  Prolong 
gold  antifade  reagent.  Gently  drop  the  coverslip  onto  the 
slide.  Once  the  Prolong  gold  reagent  has  dispersed  under 
the  coverslip,  check  for  bubbles.  If  there  are  excess  bubbles, 
use  the  forceps  to  gently  push  the  bubbles  to  the  edge  of  the 
coverslip  for  removal. 
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15.  Allow  the  preparation  to  cure  overnight,  protected  from 
light,  before  imaging.  Images  of  the  staining,  including  con¬ 
trols,  are  shown  in  Fig.  23.2. 


Fig.  23.2.  Immunocytochemistry  of  stained  cytospins  of  tumorspheres  derived  from 
breast  cancer  biopsy  demonstrating  a  CD44+/CD24l0W/  /ESA+  phenotype. 


4.  Notes 


1.  Replace  the  growth  factors,  EGF  and  bFGF,  every  3-4  days. 
Store  complete  media  for  up  to  1  month  at  4°C,  protected 
from  light. 

2.  Before  beginning,  setup  several  50  ml  conical  tubes  containing 
bleach.  All  reagents  and  supplies  that  come  into  contact  with  the 
tissue  pieces  should  be  placed  into  the  bleach  before  disposal. 

3.  For  two  core  biopsies,  typically  30  ml  of  lx  collagenase/ 
hyaluronidase  is  sufficient  for  complete  enzymatic  digestion. 
For  each  addition  core  biopsy,  in  general,  increase  the  amount 
of  lx  collagenase/hyaluronidase  by  10  ml. 

4.  Depending  on  the  number  and  size  (from  40  to  100  pm)  of  the 
tumorspheres  in  culture,  a  pellet  may  or  may  not  be  visible  follow¬ 
ing  centrifugation.  Prior  to  centrifugation,  mark  the  region  of  the 
tube  where  the  pellet  should  form.  If  there  is  no  pellet  visible, 
aspirate  the  majority  of  the  supernatant  and  then  hold  the  tube  at  a 
1 5  45°  angle  to  the  working  surface  of  the  tissue  culture  hood 
while  pressing  the  aspirating  pipette  to  the  side  of  the  tube  to 
aspirate  the  supernatant  at  the  bottom  of  the  tube  where  the  cells 
are  pelleted  ( although  not  visible ) .  Do  not  hold  the  tube  at  a  sharp 
angle  to  aspirate  for  any  length  of  time  as  the  cells  may  detach  from 
the  bottom  of  the  tube.  In  addition,  do  not  repeatedly  agitate  the 
supernatant  at  the  bottom  of  the  tube  while  aspirating  at  an  angle 
since  this  will  detach  cells  from  the  bottom  of  the  tube  and  the 
number  of  cells  recovered  will  be  significantly  reduced. 

5.  Some  protocols  filter  the  dissociated  cells  through  a  50-40 
pm  pore  filter  at  this  step  to  ensure  a  single  cell  suspension. 
We  do  not  include  this  step  because  of  cell  loss  during  filtra¬ 
tion.  For  the  purpose  of  tumorsphere  formation  assays,  flow 


374 


Marsden  et  al. 


cytometry  and  any  other  assays  that  require  a  single  cell 
suspension  with  the  exclusion  of  doublets,  triplets,  etc. 
should  include  this  filtration  step.  However,  for  the  sole 
purpose  of  passaging  and  expanding  the  tumorspheres  in 
culture,  filtration  is  not  necessary  at  this  step. 

6.  If  a  significant  number  of  tumorspheres  were  obtained  and 
cell  loss  is  not  a  concern,  wetting  the  filter  with  lx  PBS, 
pH7.4  supplemented  with  1%  BSA  is  not  necessary.  Wet¬ 
ting  the  filter  with  lx  PBS,  pH7.4  supplemented  with  1% 
BSA  before  adding  the  tumorspheres  will  increase  the 
number  of  cells  that  are  deposited  on  the  slide  following 
centrifugation. 

7.  Allow  slides  to  dry  just  enough  to  prevent  crystal  formation 
from  residual  PBS  during  storage  at  -20°C.  Avoid  excessive 
drying  of  the  slide  as  this  could  decrease  the  efficiency  and 
quality  of  subsequent  staining. 

8.  The  fluorophores  conjugated  to  the  various  antibodies 
are  photosensitive.  For  optimal  visualization  of  the  fluores¬ 
cent  signal,  the  antibodies  should  be  protected  from  light 
throughout  the  procedure. 

9.  Hoechst  33342  is  the  preferred  Hoechst  dye  used  for  this 
protocol.  However  other  Hoechst  dyes  that  are  not  cell 
permeable  will  also  function  well  with  this  protocol  since  the 
cells  were  permeabilized  during  the  fixation  step  with  acetone 
and  subsequent  incubation  with  blocking  buffer  that  contains 
the  membrane  solubilizing  detergent  NP-40. 
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